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LIGHT m REUTION TO TREE GROWTH. 



IKTBODITCTIOH. 

Light is indispensable for the life and growth of trees. In com- 
mon with other green plants a tree, in order to live, must produce 
organic substance for the building of new tissues. Certain low forms 
of vegetable life, such as bacteria and fungi, do not require light. 
They exist by absorbing organic substance from other living bodies; 
but the higher forms of plants manufacture their own organic mate- 
rial by extracting carbon from the air. The leaves, through the 
agency of their chlorophyll, or green coloring matter, absorb from 
the air carbon dioxide, and give off a nearly equal volume of oxygen. 
The carbon dioxide is then broken up into its elements and converted 
into organic substances which are used in building up new tissues. 

Light is not only indispensable for photosynthesis, but it is essential 
for the formation of chlorophyll itself. Only in exceptional cases, 
as in the embryo of fir, pine, and cedar seeds, does chlorophyll form 
in the dark, and, with the exception of some microbes, the green cell 
is the only place where organic material is built up from inorganic 
substances. 

Light also influences transpiration, and consequently the metab- 
olism of green plants. It influences largely the structure, the form, 
and the color of the leaf, and the form of the stem and the crown 
of the tree. In the forest it largely determines the height growth of 
trees, the rate at which stands thin out with age, the progress of 
natural pruning, the diaracter of the living ground cover, the vigor 
of young tree growth, the existence of several-storied forests, and 
many other phenomena upon which the management of forests de- 
pends. A thorough understanding, therefcMi^ of the effect of light 
upon the life of individual trees, and especially on trees in the forest, 
and a knowledge of the methods by which the extent of this effect 
can be determined are essential for successful cultural operations in 
the forest. 

The aim of this bulletin is to bring together the principal facts 
with regard to the part which light plays in the life of the forest, 
and the different md^hods of measuring it. It should prove of ma- 
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6 LIGHT IN RELATION TO TREE GEOWTH. 

terlal assistance to students of the subject, and it is hoped that it may 
also stimulate an interest to further research in determining more 
accurately the light requirements of our forest trees, especially by 

actual measurements of light in the forest. 

EIHIIS OF IIGHT. 
DIKBCT AKD DIFrtTSED LIGHT. 

In discussing light with reference to tree growth a distinction must 
be made between direct sunlight and diffused light. If the earth 
were not enveloped by an atmosphere, all light would be direct sun- 
light, and its intensity at every point on the earth could be calcu- 
lated mathematically from the position of the sun. The presence of 
the atmosphere, however, modifies essentially the distribution of 
light and heat on the earth's surface. Only a part of the li^t which 
emanates from the sun reaches the earth as direct sunlight. An- 
other part is reflected from the small particles contained in the air, 
such as dust and minute drops of water, and forms diffused light. 
Still another part is absorbed and entirely disappears.^ The diffused 
light illumines the atmosphere and forms the skylight. When the 
sky is cloudless the total daylight consists of both direct and diffused 
light. On cloudy days all the light is diffused light. 

Trees in the forest make use chiefly of the diffused skylight, and 
for this reason it plays the most important part in their life. Indeed, 
many plants have developed special contrivances for protecting them- 
selves frMn the direct rays of the sun. There are, however, trees and 
other plants which, in addition to diffused light, need direct light 
either during their entire life or during a definite period of their life, 
as, for instance, during the period of flowering and leafing. Thus, 
the opening of the buds in many trees proceeds much faster when 
the tree is exposed not only to diffused light, but also to the direct 
rays of the sun. Therefore, in determining the effect of light on 
vegetative processes it may be essential to know what portion of the 
entire light affecting the tree is diffused and what is direct. 

Both direct sunlight and diffused light decrease with inca^ase in 
latitude, but not in the same proportion. The intensity of direct 
sunlight decrease much more rapidly with increase in latitude than 
does the intensity of diffused or sky li^t. This is well brought out 
in Table 1, computed on the basis of measur^naits taken by Bunsen 
and Eoscoe, which gives the relative chemical inten^ties of the radia- 
tion received directly from the sun and from the sky upon a horizMi- 
tal surface during a whole day at the spring equinox. It is of 
considerable interest as showing what kind of light is mostly avail- 
able for tree growth at various latitudes. 
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I From Handbook ot CUmstology, by Dr. Julias Huin, p. lie. 
Diffused light decreases with increase in altitude ; direct sunlight, 
on the contrary, increases. 

OVEBHEAD, SIDE, AIH) SEFLECTBD LIGHT. 

Besides direct and diffused light, light may he distinguished in 
accordance with the direction from which it comes and the effect it 
has upon the different parte of the crown. The light which reaches 
the crowns of trees 
from above is called 
OTerhead light. (Fig. 
1, a.) This determines 
the arrangement of 
leaves on the shoots, 
their position in rela- 
tion to the sun, and 
the arrangement of 
the branches. It is 
the strongest light, 
whether it consists of 
either direct or dif- 
fused light alone or 
both together. In 
the case of dominant 
trees it equals the to- 
tal daylight. 

The light which 
reaches the crowns of 
trees from the side 
is called side light. (Fig. 1, 5.) It stimulates the development of 
buds on the lateral branches and is responsible for the development 
of the branches facing an opening in the forest. 

3448°— Bull. 92—11 2 DigmzedbyGoOQlc 
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8 UGHT IN RELATION TO TREE GEOWTH. 

In the case of trees growing near a. wall or steep slope the tree 
may receive light which is reflected back upon the tree and is called 
reflected side light. (Fig. 1, c.) 

In some cases, especially where trees are growing near bodies of 
water, their crowns are illumined by light which is reflected from the 
ground or from the water's surface. (Fig, 1, d.) This is called 
reflected ground light, and is not so insignificant as it may appear 
at first thought. Thus, actual measurements have shown that, at a 
height of 1 meter (3J feet) the intensity of light reflected from, a 
road Dluinined by the sun may be 1/12 of the overhead light intan- 
sity; the intensity of light reflected from the water's surface may 
amount to 1/6 of the overhead light intensity, measured at a height 
of about 5 feet from the surface. 

The intensity of light varies with the direction from which it 
comes. Thus, the following results were obtained friHU measure- 
ments made at the end of April, at noon, in Vienna. If the light 
intensity coming from the north is taken as 1, then the intensity of 
light from the west is 1.19; from the east, 1.25; from the south, 3.12; 
while the intensity of the overhead light is 4.50, 

, UaHT INTENSITIES AND TBEE GROWTH. 

Only in exceptional cases do forest trees make- use* of the total 
daylight. Isolated individual trees may do so, but, as a rule, the total 
daylight is considerably weakened by the configuration of the land 
and by the ^ade cast by the foliage of the individual tree itself or of 
neighboring trees. The bulk of forest trees and the interior parts 
or arowns of even isolated trees depend, therefore, only on a part, of 
the total daylight. Actual measurements of light intensity have 
shown that on a clear, sunny day the light intensity on the edge of 
a forest is only about half that of the total daylight, while in the 
shade of the trees, even when they were still without any foliage, 
the light intensity was one- fourth that of the total daylight. 

■Kurruxru. zhtenszties. 

The minimum intensity of light in which photosynthesis can take 
place is not sufficiently determined for all species; it differs in differ- 
ent species with the sensitiveness of the chloroplasts. Trees not only 
accumulate energy by building up new organic substance, but they 
also expend energy from the organic substance which they produce. 
This expenditure of energy is accompanied by oxidation of carbon 
and exhaling carbon dioxid, or respiration. As long as the light in- 
tensity is above the necessary minimum for the given species, the 
process of assimilating carbon from the air, and thus building up 
new organic substance, goes on with greater energy than the oppoate 
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LIGHT INTENSITIES AND TBEE GBOWTH. 9 

process of breaking up organic substance and giving off carbon into 
the air in the form of carbon dioxid. As the light intensity de- 
creases the assimilation decreases correspondingly, and the amount 
of carbon assimilated from the air approaches the amount given off 
by respiration. As soon as the enei^ of assimilation falls ao low 
that the amount of carbon assimilated is le% than that needed for 
the maintenance of respiration, the leaf dies. 

It is possible to gain an idea of the relation between li^t intensity 
and the activity of the green cell from the experiments made by 
Kreusler, He found that a square centimeter of a leaf of European 
hornbeam {Carpinus hetulua) on a cloudy day decomposed in one 
hour 13.7 cubic millimeters of carbon dioxide,' or seven times as much 
as was given off by the leaf in breathing; with a 1,000-candlepower 
electric light (which has an effect upon assimilation similar to that 
of sunlight), at a distance of 31 centimeters (12.2 inches), a square 
centimeter of leaf surface decomposed 28.5 cubic millimeters of car- 
bon dioxide,^ an amount 15 times greater (by weight) than that which 
was given off; by removing the source of light to a distance of from 
1 to 1,5 meters (39 to 59 inches), thus making it from one-ninth to 
one twenty-fifth as intense as before, the amount of carbon dioxide 
which was absorbed was barely enough to cover the amount given off 
by respiration. 

According to Wieener (1907), for Norway maple {Acer plata- 
noides) the minimum light intensity under which photosynthesis 
can still take place is 1/55 of the total daylight, for birch 1/50, and 
for beech swnewhat less than for birch. The fact that in light 
intensity of 1/70 of the total daylight, such as prevails in dense 
spruce forests, no green vegetation occurs under the shade of the 
trees indicates that the minimum light intensity at which a green 
leaf can still function must lie between 1/60 and 1/70 of the total 
daylight intensity. 

As far as woody species are concerned, Wiesner (1907) found in 
the shade of European hornbeam {C(a'pinus betulus), with a li^t 
intensity of 1/58, an undergrowth of the following species still in a 
fairly good condition: Beech {Fagus sylvatica), hornbeam (Carpi' 
nvs betuliis), field maple (Acer eaimpestre), common elm {Ulmus 
campeatria) , and dogwood {Comus sanguinea). In the same light 
intensity, however, the undergrowth of elder (Sambucus niffra), 
EuonymvM europ<BU8, and E. verrucosus, was dying. 

The minimum light intensity at which green vegetation disappears 
from under the shade of trees in the forest varies considerably with 
the climate. Thus, in the Temperate Zone no green vegetation occurs 

' BqulrateDt to 1 Bquare Inch of leaf surface decompoBlng 0.0054 cubic loch o[ carbon 
dioilde. 

' EgulTBlent lo 1 Mjuare Inch of leaf surface dccomposlns 0.0112 cubic incb of carbon 
dioxide. 
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10 UQHT IN RELATION TO IUBE GitOWTH. 

in tiie shade where the light is only 1/70 of the total daylight. In the 
Tropics the last vestige of green vegetation disappears from under 
the tree cover when the minimum light int^isitj falls to 1/120 of 
the total daylight. 

The minimum intensity of light which is needed for the formation 
of chlorophyll is much smaller than the minimum required for photo- 
synthesis. Thus, while the green leaves of Acer plaianoides cease to 
break up the carbon dioxide of the air and form organic substance 
in a light whose intensity is 1/55 of the total daylight, the forma- 
tion of chlorophyll still takes pla<» in a light which is 1/400 of the 
total daylight; in some herbaceous plants, such as peppergrass 
(Lepidium saiivum), the formation of chlorophyll still goes on at a 
light int^isity of 1/2,000, while in light whose intensity is 1/50 of 
the total daylight the leaves are just as green as in higher light 
intensities. 

The decomposition of carbon dioxid is produced chiefly by the rays 
of the red portion of the spectrum, and the leaves in the interior of 
the crown are able to assimilate, because the largest part of the light 
which they receive penetrates not through the green leav^, which 
absorb the red rays, but through the places between the foliage. 
Chlorophyll may form in light which lacks the rays of the red 
portion of the spectrum. For this reason light which goes through 
the green foliage may still be effective in producing the green color 
of the leaves inside the crown, but is no longer effective in bringing 
about the process of assimilation of carbon. 

WATrrM-TTTiff INTENSITIES. 

In general the intensity of light varies directly with the height of 
the sun. The maximum light intensity, however, does not coincide 
with the intensity at noon, which is always less than the maximum. 
Thus, from measurements made at Vienna, the ratio of the average 
noon light intensity to the average maximum light intensity for the 
year was found to be as 1 : 1.08. This is analogous to the well-known 
fact that the highest temperature during the day occurs not at noon, 
but later, and is probably due to the same causes. 

The maximum light available for tree growth is, of course, the total 
daylight. This varies, as has already been pointed out, with latitude, 
altitude, and the configuration of the earth. 

The highest light intensities found by Wiesner (1905) in the 
United States were in Yellowstone Park. Thus, at Norris, on Sep- 
tember 1, 1904, at 1 p. m., with the sun at an altitude of 62° 56', the 
chemical intensity of the light was found to be 1.7 in Bunsen-Koscoe 
units.' At Old Faithful, on September 4, 1904, at noon, angle of sun 
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52° 22', the light intensity was 1.9, and an hour later, with the sun 
forming an angle of 51° 47', 2.083. "Hiese measurements were taken 
on cloudless days. In Europe the highest light intensities measured 
were 1.5 near Vienna, at an elevation of 550 feet above sea level 
(Wiesner, 1896) , between 1.5 and 1.6 at Kremsmunster at an elevation 
of 1,268 feet (F. Schwab, 1904), and 1.8 in Steiennark, at an eleva- 
tion of 4,550 feet (Thomas V. Weinzierl, 1902). 



The optimum light intensity at whidi different species thrive best 
has not been fully determined, especially since this optimum varies 
during the life of the tree, and is subject to variations even in dif- 
ferent parts of the same vegetative season. In a general way it may 
be stated that with the majority of forest trees the optimum light 
intensity at which the leaves function best and at which the pro- 
duction of flowers and fruits is most abundant lies nearer to the 
maximum amount of light available for the use of the tree than to the 
minimum li^t under which it can stall exist. In some species this 
optimum coincides with the total daylight or with conditions that 
surround a tree grown in the open ; in other species both the vegeta- 
tive and reproductive functions of the tree are most vigorous when 
the amount of light is less than the total daylight; that is, when the 
trees are grown in a stand. 

TOLEBAKCE AND INTOLEBAITCE OF IBEES. 

The ability of trees to endure shade is called tolerance of shade, 
or often merely tolerance. Trees that are capable of enduring shade 
are tolerant ; those requiring full .light intolerant. Some species are 
able to absorb enough light for assimilation even in the shade of a 
forest canopy. Thus, hemlock and spruce spring up and live for 
many years under other trees. Other species, such as tamarack, 
aspen, gray birch, and most of the yellow pines, require full light and 
can not endure shade from abova All trees, however, thrive in full 
light, especially if they have it from the very start, and none requires 
shade except as a protection from drying or from frost. This does 
not mean, however, that all trees grown in the open absorb equally 
all the available light. Even in full light they need and use differ- 
ing amounts of light for their best growth. This is acccHnplished 
by a definite orientation of the foliage in relation to the source of 
light, by the development of denser crowns which lessen the amount 
of light that can penetrate into the interior, or by a change in the 
structure of the leaves so as to decrease the assimilative energy. In 
the open they are able to make these modifications for their best 
growth to better advantage than in the shade of a dense forest, and 
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adapt thranselves to their needs; Uierefore, open-grown trees usually 
appear the more thrifty. 

The primary cause of this difference in tolerance must be sou^t in 
the anatomical structure and inherent qualities of the leaves and 
cblorophylL Since, however, the anatomical structure of the leaves 
and even the character of the chlorophyll may^ influenced by en- 
vironment, the tolerance of trees is not a fixed quality, but is subject 
to variation. Each species, however, inherently requires a certain 
amount of Hght, which can not be changed by any environment 

LUBIHEKKO'S EXFBSZMENTS. 

The latest experiments by Prof. Lubimenko* established with 
sufficient accuracy the difference in the sensitiveness of the chloro- 
plasts of different tree species. The species with which he experi- 
mented were Scotch pine {Pinii» sylvestria) , nohle hr {Abies nobtlu) , 
white birch {Betula alba), and linden {TUia cordata). Of these, 
pine and birch are H^t-needing species and stand close to each 
other in this respect. The fir and oasswood are classed as tole- 
rant, and are also fairly similar in their demands upon light. More- 
over, the anatomical structures of the leaves of pine and fir are very 
similar, and of birch and basswood practically identical. 

These experiments brought out clearly the following points : 

(1) The initial light intensity at which assimilation begins varies 
with the species, since the fir and basswood began assimilation at 1/5 
of the light intensity at which pine and birch began to assimilate. 

(2) If it be accepted that the light intensity at which assimilation 
equals respiration is the minimum for the existence of the leaf, then 
birch appears to be the most light-demanding species, followed by 
pine, basswood, and finally fir. 

(3) With increase in light, the assimilation at first increases in all 
four species, but in direct sunlight, when the rays strike the surface 
of the leaves perpendicularly, the pine and birch still continue to 
show an increase in assimilation, while the fir and basswood show a 
decrease. This may be seen in Table 2. 

Table 2. — Keio((f e amounfs of carhon dioxide absorbed by 1 gram of leaf daring 
one hour of work. 



Direct rays ol tbe >un stiikiiiE the nirbcc of tb 
Direct ravs of the sun striking the surbee Of 



Since the anatomical structures of the leaves of pine and fir are 
very similar, and of bircHfend basswood almost identical, this differ- 
ence in assimilation must be explained exclusively by the difference 
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TOLERANCE AND INTOLERANCE OP TREE GBOWTH. 18 

in the sensitiveness of their chloroplasts. These figures show also, 
in a general way, that a unit (by weight) of leaf substance of broad- 
leaf species aseimilates considerably more than the same unit of leaf 
substance of coniferous species. This ia probably due to the differ- 
ence in the anatomical structure of the leaves of the broadleaf and 
coniferous species. The extremely small size of the cells of the leaf 
parenchyma in broadleaf species means the presence of a lai^ 
amount of living protoplasm and chloroplasts, and consequently a 
larger amount of living, acting substance within the same space. 

On the basis of these experiments, Lubimenko claims to have 
established the following facts in regard to the photochemical work 
of different forest trees: 

(1) The photochemical work of the green leaf is determined by its 
anatomical structure and the inherent qualities of its chloroplasts. 

(2) The influence of the anat4»nical structure of the leaf is felt 
mainly in light of medium intensity; the influence of the inherent 
qualities of the chloroplasts, on the other hand, is strongly apparent 
in light of low and high intensities. 

(3) Chloroplasts of differrait species are sensitive to light in dif- 
ferent degrees ; chloroplasts of shade-enduring species are more sensi- 
tive than chloroplasts of light-needing species. 

(4) Species with more sensitive chloroplasts begin to decompose 
carbon dioxide and reach a maximum of assimilative photochemical 
energy in light of a much lower intensity than species with less sen-) 
sitive chloroplasts. 

(5) The curve of the photochemical work of a green leaf has a dis- 
tinct optimum, which is reached in different species under differ- 
ent intensities of light and is determined by the inherent qualities 
of the chloroplasts. 

(6) It is very probable that the difference in sensitiveness of 
chlfH-oplasts of different species is due to a difference in the absorp- 
tive capacity of the chlorophyll. 

(7) The conception of " light-loving " and " shade-enduring " trees 
has a real foundation as far as the process of assimilation of carbon 
is coDoemed. Leaves of shade-enduring species are able to replace 
the carbon dioxide expended in the mere process of respiration in 
much weaker light than are leaves of light-loving species. The opti- 
mum of assimilation in tolerant species lies within the limits of nor- 
mal sunlight, while the optimum of assimilation in light-needing 
species lies beyond those limits- 

GKAiFE'S EZPEBIHENTS. 

These conclusions are also corroborated by Grafe's experiments 
carried on at the Institute of Plant Physiology, at Vienna (Wiesner, 
1907 : 266-267) , though for another purpose. Green leaves of birch 
(a li^t-demanding species) and of beech (shade enduring^ were 
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exposed to light of various intensities and tested for the presence of 
starch. At a light intensity of 1/6 of total daylight the leaves of 
beech showed distinctly the presence of starch, while birch gave a less 
distinct reaction. At a light intensity of 1/10 bpech still gave a pro- 
nounced reaction for starch, while in birch only traces of starch could 
be detected. At a light intensity of 1/50 birch leaves diowed no 
presence of starch, while the leaves of beech still continued vigorously 
to form it. These facts tend to show the same point brought out by 
Lubimenko, that there is a distinct difference in the sensitiveness of 
the chloroplasts of beech and birch. 

FACTORS INFIITEHCING TOIEBAHCE. 

Tolerance varies not only with species, but even within the same 
species, according to conditions under which the tree is growing. 
These -variations are due largely to changes in the structure of the 
leaves brought about by changes in transpiration. Aniong the impor- 
tant factors influencing transpiration, and therefore tolerance, are 
climate, altitude, moisture and nouri^iment in the soil, age of tree, 
and vigor and origin of the individual. 



Plants need less light the higher the temperature and more light 
the lower the temperature. Consequently the higher the temperature 
of a given locality, the more shade a tree can stand. This explains, 
in part, the frequent differences of opinion regarding the tolerance of 
the same species when the observations are taken in different regioi^ 
For example, white pine in Maine is less tolerant than in the Southern 
Appalachians, In Vienna the minimum light intensity in which the 
leaves of Norway maple {Acer platanoides) can exist is 1/65 of tHe 
total daylight. In Hamar, Norway, it is 1/37; in Drottningholm, 
1/28; and in Tromso, 1/5. 

This substitution of light for heat in plant growth, and vice versa, 
was well demonstrated by Wiesner (1907) with regard to annual 
meadow grass {Poa annua). The minimum light necessary for 
annual meadow grass at the beginning of March, at Cairo, is equiva- 
lent to about 53 calories, while at Vienna it is equivalent to 109. The 
mean temperatures are 59.9° and 35.6° F., respectively. 

ALTITtTSE. 

Tlie light requirement of a species increases also with increase in 
altitude, but only to a certain limit, beyond which it remains con- 
stant or even decreases. For example, observations by Wiesner 
showed that lodgepole pine, at an elevation of 6,400 feet, required a 
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minunum light intensity of 1/6 of the total daylight; at an elevation 
of 8,500 feet it sinks to 1/6.4 and even to l/G-d". 

Thus the behavior of trees in their extension toward higher lati- . 
tudes and higher altitudes is not the same. This is due to the fact 
that the intensity of both direct and diffused light decreases with the 
increase in latitude, and the light limit of a species is reached wh^i 
the intensity of the total daylight becomes equal to the tree's mini- 
mum light requirement. With increase in altitude, however, diffused 
light decreases, but direct sunlight increases. With an increase in 
the intensity of direct sunlight, even though there be a decrease in 
the diffused light and a lower temperature, the light requirements of 
a species remain constant or even become less at higher altitudes.- 




AB. total light Intenslt;: 9C, Istl- AB, light Intenait; ; BC, altitude 1 zv, curve 
tude; a*, totsl llgbt latcDBlt; ; (w, of tbe total llglit iuteDsitr i ah, cnrre of 

mlnlmam light regairement of a the light requlremeotB o( trees. (After 

apeclea; a, point at wblch total Wienner.) 

light latenaltr equals mini mum 
light Deeded by the specleB, al»a 
limit at latitudinal diBtribntion of 
the spedel. (After Wiesner.) 
Fig. 2. — Variation of light requirements with Increaae In latttnde and altitude. 

This difference in the light requirements of trees in the horizontal 
and vertical distribution is well illustrated by the two diagrams 
shown in figure 2. 

son. KOIBTTJIIB. 

Tolerance of trees is emphatically influenced by moisture condi- 
tions in the soil, as well as by its quality. Fricke (1904: 315-325) 
clearly demonstrated by a series of convincing experiments that defi- 
cient moisture in the soil, brought about by competition of the roots 
of older trees, may cause the death of young growth under the shelter, 
of mother trees. His experiments were made in a Scotch pine stand ; 
on poOT, dry, sandy soil, on which, according to all authorities, the 
light requirements are greatest. In a stand from 70 to 100 years old, 
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with a crown density of 0.7, there were isolated groups of suppressed 
young pines, among which were no old trees. The young pines were 
10 years old and but little over a foot and a half in height. Ditches 
10 inches deep were cut around these groups, and in this way all the 
roots extending from neighboring old trees were cut through to the 
depth of the ditches. The relative amount of light received by 
these groups of undergrowth was not aifected by the experiment, 
since not a single tree was cut down or trimmed. 

The ditches were made in the spring. In the first summer the 
needles that appeared on the little pines within the isolated groups 
had doubled the length of the preceding summer, the terminal shoots 
became longer, and this thrifty growth continued up to the time the 
results of the experiments were described (1904), while the same 
undergrowth outside the areas surrounded by the ditches preserved 
the same suppressed character. The old trees, whose superficial 
roots were cut through, apparently did not suffer, and none of them 
were uprooted by the wind. On the areas inside the ditches a rich 
flora sprung up during the first summer. Entirely unexpected, there 
appeared beliflower ( Campanula) , wild strawberry {Fragaria) , 
hawkweed (Hieracium), sorrel (Rumex), ironweed (Veronica), wil- 
low herb {Epilobium), star thistle (Centofurea) , geraniiun (Gera- 
nium), violet (Viola), five finger (Potentilla), and other herbaceous 
plants, and in addition there sprung up a number of seedlings of 
birch and mountain ash. Most interesting and significant of all, 
however, is the fact that none of these species appeared in the neigh- 
boring stand. The herbaceous vegetation which was present on the 
ground before the experiment, such as sweet vernal grass (Anihoxan^ 
Mum.), hair grass (-4i>a), bentgrass (^^ros^is), and woodrush (iwo- 
ula), and which had led a very precarious existence, developed luxu- 
riantly, so that the areas surrounded by the ditches bore green, suc- 
culent vegetation, in striking contrast to the grayish-brown ground 
cover of the rest of the stand. 

In another pine stand, 100 years old, growing on poor soil, several 
natural openings on which there were no old trees or young growth 
of any kind were surrounded by ditches and sown with seeds of 
Scotch pine, spruce, beech, and red oak without any preparation ■ 
of the ground. Similar sowings were made on similar natural open- 
ings not surrounded by ditches. On the area ii^ide the ditches there 
are now remarkably well-developed seedlings of pine and oak, 
although with characteristics peculiar to ^aded plants, and also 
seedlings of beech and spruce. At a distance of some 7 or 10 feet 
outside of the ditches, although a part of the seeds did cwne up, the 
seedlings of pine, beech, and spruce were poorly developed from the 
start and soon died; the seedlings of oak which still persist have 
scarcely reached 1/5 the hei^t attained by those inside the ditches 
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and will hardly live very long. In this stand also there appeared in 
tlie openings surrounded by the ditches a luxuriant herhaceous vege- 
tation strikingly different from that in the surrounding forest. 

In order to prove also that deficient soil moisture brought about 
by the comp^ition of the roots was the sole cause of the death of 
pine reproduction under the shelt^ of mother trees, Fricke deter- 
mined the soil moisture in sample plots of which some were pene- 
trated by living roots, while in others the competition of the living 
roots was eliminated. In all these experiments the proportion of 
moisture in the soil was invariably greater in the plats free from 
living roots — usually two or three times greater, and occasi(Hially 
four and even six times. 

The results of these experiments clearly show that the unsatis- 
factory condition of an undergrowth shaded laterally or from above 
is not due altogether to insufiGcient light, but to competition of the 
roots of the neighboring old trees; likewise that the presence and 
condition of shrubs, grasses, and mosses in the forest depends very 
little upon the amount of light, but are chiefly influenced by the 
degree of desiccation of the soil caused by the roots of the old trees. 
Thus the poor development of young growth directly under or near 
seed trees may be explained, not by shading alone, nor by the mechan- 
ical action of water dripping from the leaves and branches of the 
oW trees, nor by excessive light reflected from the trunks, but by the 
moisture-sapping competition of the roots of the older trees. 

In these experiments, however, Fricke, by eliminating competition 
of the neighboring roots, created artificial conditions which do not 
exist in nature. Moreover, no photometric measurements of any 
kind were made during these experiments, and without such measure- 
ments the question of light requirements of species can not be settled. 
While the experiments bring out the importance of considering 
other factors besides light in the life of the forest, they do not prove 
that the light requirements of all species is the same. 

On fresh soils, with an abundant supply of moisture, root competi- 
tion affects the growth of the seedlings only a little or not at all, and 
for this reason it is assumed that trees are more tolerant on fresh or 
moist soils than on dry soils. But even on the same kind of soil the 
effect of trees of different species upon the growth of seedlings is not 
the same. Trees with a strongly developed superficial-root system 
naturally desiccate the upper layers of the soil much more than trees 
with a compact, deep-root system. 

In filling fail places in plantations, the competition of the roots 
determines the success or failure of the operation. It happens only 
too often that the planting of fail places on dry or only moderately 
fresh soils meets with entire failure, because growtii of the new 
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seedlings is impossible in the dry soil produced by the roots of tli« 
older seedlings, which in the porous soils of the planting holes attain 
extra good development. In dry situations, therefore, fail places 
must be filled not later than three years after the first planting; 
otherwise it will be necessary to give up entirely the filling of tiie 
blank places, or the older competitors must be removed fnxn small 
areas and these then replanted. 

These facts show that the so-called " li^^ increment," or incre&se 
of growth after lo^ng or thinning, is not due alcme to the greater 
access of light to the remaining trees. By thinning a stand not only 
are the light conditions changed, but the competition of the roots is 
diminished, which leads to an increase of moisture in the soil. The 
leaf litter is also more readily decomposed and the soil in this way 
becomes enriched with nutritive substances, all of which results, of 
course, in an acceleration of growth after thinning. 

BOUi mBTHiITT. 

Plenty of chemical • nourishment in and favorable physical condi- 
tions of the soil increases tolerance. At the same light intensity the 
assimilative energy of the green leaf increases with increase of nour- 
ishment in the soil. Thus, the assimilative energy of trees grown in 
a deficient light but on good soil may be the same as that of trees 
grown in full light but on poor soil; or, in short, trees on good soils 
can stand more shade than trees on poor soils. This has been cleariy 
demonstrated by Hartig (1897:142-143), who tiiought that the 
weight of the young leaf-bearing shoots may, to some degree, serve 
as an indication of the amount of foliage in a tree. At the same 
time, the amount of wood produced in a tree for each pound of small 
leaf-bearing twigs serves as a criterion of the work of the leaves. 
Thus, measurements made by him on oaks in the Bavarian Spessart 
gave the average results shown in Table 3. 

Table 3. — Amount of vwod proAuceA annually for each pounA of tmoa tuo^a. 



Age (years). 


°ir.sr 


1 


|! 



These figures show that the leaves of young trees function with 
greater energy than the leaves of older trees. The same method may 
he applied to determine the effect of nourishment upon the work 
of the leaves. It was found that on different soils the annual produc- 
tion of wood in trees of the five different classes (domiiiant, codomi- 
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nant, intermediate, oppressed, and suppressed) for each pound of 
small twigs was as given in Table 4. 
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These figures clearly show the influence of soil conditions upon 
the assimilative activity of the leaves, and consequently upon the 
variation in tolerance of trees according to soil fertility. 

AaS, VIOOB, AND OBIOIK OP TBBR 

Trees are more tolerant In early youth than later in life. In fact, 
it may be said that during the first year or two all trees are tolerant. 
As they grow their demands for light increase and the distinctive 
light requir^nents of different species become more and more empha- 
sized. This increase in light requirements, becomes especially ap- 
parent at the time of the most rapid height growtii, after which the 
light requirement r^nains stationary for a long time and increases 
again only late in life. White pine is a very good example of a tree 
which in early youth is tolerant, but in later life is distinctly intol- 
erant. White pine seedlings will start in dense shade ; but can not 
often live under such conditions for more than 10 to 15 years; and 
may perish frcHU lack of light in the first 2 to 5 years, even if abun- 
dant moisture and nourishment are present 

The amount of light needed for flowering and fruiting is greater 
than for mere growth, so that demands for li^t vary not only with 
age, but with season. Thus, early in spring at the time of bursting 
of buds, the minimum light intensity for larch is 1/2 of the total 
daylight, later it falls to 1/5; for beech the minimum light intensity 
at the time of unfolding of buds is 1/4; and later it sinks to 1/60 of 
the total dayli^t These differences in light demands are well 
known from common experience. Thus, in a coppice forest it is 
often necessary, in order to awaken the dormant buds of the stumps, 
to dear away the brush around them and expose them to higher 
light intensities. It is a well-known fact that trees in the open 
begin to bear seed earlier than trees in a close stand. Foresters esti- 
mate the average retardation due to close stand at 20 years. The 
preparatory cuttings for natural reproduction under the belter-wood 
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system are based on this principle of allowing more light to the 
remaining trees in order to stimulate seed production. 

In general', the more vigorous the individual, the greater is its 
tolerance. Any factor which reduces its vitajity reduces its tolerance, 
trees from seed, all other conditions being equal, stand shade much 
better than sprouts, and in artifi<dal plantations nursery stock is 
more tolerant than trees which have been started by direct seeding. 

HEASniLE OF TOLERAHCE. 

Since tolerance is affected by so many different factors, it is evident 
that the tolerance of any particular species is necessarily variable 
and exceedingly difficult to measure. Until recently, tterefore, it 
has been customary not to attempt to measure tolerance of shade in 
positive, but only in relative terms. 

SCALES OF TOL^IAHCB. 

The tolerance of different species is usually compared in lists or 
scales, the most tolerant being usually placed first and the least 
tolerant last. The position which a species occupies in relation to 
these extremes is the expression of its tolerance. Broad and rather 
indefinite terms have been used, such as " very tolerant," " tolerant," 
" intermediate," " intolerant," " very intolerant" The following are 
examples of scales of tolerance prepared by European authorities, 
beginning with the most tolerant: 



OATK& (1898). 

Taam hacoata (Eoglisti yew). 

Allies pectittata (silver Br). 

Fagus (beech). 

Picea (Norway spruce). 

Carplnus betulua (European liora- 
beam). 

Pinus strobva (wblte pine). 

TUia parvifoHa=T. cordata (small- 
leaf linden). 

Alnug tnoana (boary alder). 

Acer (maple). 

Vlmua tnontana (wjcb elm). 

Fraxinvi excelsior (European ash). 

Quercua pedunctUata (oak). 

Populua tremvloidea (aspen). 

Pinua itylvestTis (Scotch pine). 

Betula verrucosa (blrcb). 

Betvla pubeacena (birch). 

Lariit ewopaa (Btiropean larcb). 



BtBLSK (HorozoT, vol. 2: 12S6-129G). 

Taxua haccata (English yew). 

AMea pectitMta (allrerflr). 

Fagua (beech). 

Picea (Norway spruce). 

Pinua atrobua (white pine). 

Ulmua nMntana (wych elm). 

TUia (linden). 

Alnus inoana (hoary alder). 

Qvercua (oak). 

Acer platanoidea (Norway maple). 

Pinaa tnontana (Swiss pine). 

Pinua aj/lveatria (Scotch pine). 

Populua (poplar). 

Betula (birch). 

Lariw evroptea (larch). 
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TUBBET (1901:32). 

AMe* pectinata (silver fir). 
Fagv* (beech). 
Picea (Norway spruce). 
Carpinua Itetulut (Bnropean bom- 
beam). 
Ulmui montatta (wycb elm). 
Pinua laricio, vat. avstriaca (AoBtrian 

AliMu ffIulfno«a (black alder). 

Fraxitwa esBceUior (Baropean ash). 

Quercu« (oak). 

Populus (poplar). 

Pinua ajilvettria (Scotch pine). 

Betula (birch). 

Lariw europaa (larcb). 



W.uiiiNa (iBOe:lS). 

Abies pectinata (silver flr). 
Fagua (beech). 

Oarpi»iu betvhu (Baropean bora- 
beam). 
Tilia (basswood). 
Picea (Norway spruce). 
Ptnita montana (Swiss ptne). 
Acer pseudoplatanita ( sycamore maple) . 
Ulmvs eifusa (Bi»«adlng elm). 
Quercus (oak). 

Fra^ntis excelsior (European asb). 
Pinua gtroius (white pine). 
PititM av^veatria (Scotch pine). 
Alnaa incana (boary alder). , 

Populua tremula (aspen-poplar). 
Betvla (birch). 
Laria ettropaa (European larcb). 



The following are scales of tolerance prepared for s 
American trees: 



i of OUT- 



WE8IEBK SeEClES. 



Vltty TOLKBiNT. 



INTOLBBANI. 



Taxua brevifolia (western yew). 

Picea engelmanni (Engelmann spmce). 

Abiea laaiocarpa (alpine fir). 

AUea conoolor (white flr). 

Thuja plicata (western red cedar). 

Tsuffa heterophylla (western hem- 
lock). 

Tauga mertenaiana (mountain hem- 
lock). 

Picea aitohensis (Sitka spruce). 

TOLIBINT. 

CftawKEcypaHs lawawtiana (Port Or- 

ford cedar). 
Libocedrua deimrrena (incense cedar). 
Picea parryana (blue spmce). 
Sequoia sempervirens (redwood). 



Abies magniflca (red flr). 

Pittita ponderoaa (western yellow 

pine). 
Pinus jeffreyi (Jeffrey pine). 
Pinua lambertiana (sugar pine). 
Pinua aristata (brlBtle-cone pine). 



LariiB JyallH (alpine larch). 
Lnrtr occidenialls (western larcb). 
Pinus albicaulis (white-bark pine). 
Pinua attenuata (knobcone pine). 
PtniM halfouriana (foxtail pine). 
Pinua coulteri (Coulter pine). 
Pinua flea^ilis (limber pine). 
Pinua monopkvUa (single-leaf pine). 
Pinua edulia (pinon). 
Pinua mUniana (d^ger pine). 
Pinua contorta (lodgepole pine). 
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IHTDBUEDIATEL 

P»eudotsvg(t taxifoUa (Douglae Br). 
PieadoUuga macrocarpa (blgcone 

spruce). 
AUee amabUis (amabllls flr). 
Abies grandU (grand flr). 
Abies nobllis (noble fir). 
Chartueoyparis nootkatensU (yellow 

cypress). 
8equoia icashinotoniana (blgtree). 
PiniM montUxUi (western white pine). 



Chamacvparis tkyotdes (9 

wWte cedar). 
Abies balsamea (balsam flr). 
Abies frageri (Fraser flr). 
Tsuga canadensis (hemlock). 



iMTOLBdiHT. 

Pinus divarioata (jack ptne). 
Pinus resinosa (red pine). 
Oceydendrum arboreum (sourwood). 
Liriodendron tultptfera (tulip poplar). 
Q. rubra (red oak). 
Q. veltttina (yellow oak and otbers). 
Betula papyrifera (paper birch). 
Liquidambar Mtyracifiua (red gum). 
Hicoria alba (mockernut). 
Hicoria ovata (shagbark hickory). 
Hiooria peoan (pecan). 



TOLISANT. 

Picea canadensis (white spruce). 

Picea rubens (red spruce). 

Thuja ocetdentaUs (northern white 

cedar). 
Fagus atropunicea (beech). 
Acer sacoharutn (sugar maple). 
Acer sacoharinum (Bllver maple). 
Acer rubrum (red maple). 
Nyssa aylvatica (black gum). 
Vlmus amerieana (wblte elm). 
Vlmus racemosa (cork elm). 
Tilia americana (basswood). 
Platanus occidentalis (sycamore). 



Pinus palustrii (longleaf pine). 
PtTuts echtnata (shortleaf pine). 
Taaiodium distichum (bald cypress). 
Larta laricitta (tamarack). 
Bobinia pseudacacia (black locust). 
SaUiB (willows). 

Populus aeltoidet ( Cottonwood). 
Populus grandidentata (largetooth ai 
pen). 



IsTaBKODllia. 

Pinus taeda (loblolly pine). 
Pinus ^Arg^nil^na (scrub pine). 
Finns rigida (pitch pine). 
Pinus strobus (white pine). 
Castanea dentata (chestnut). 
Quercus alba (white oak). 
Betula lenta (river birch). 
Betula lutea (yellow birch). 
Juglans nigra (black walnut). 
Magnolia tripetala (umbrella-tree). 
Magnolia acuminata (cucumbeT-ttee), 
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r SPBCIB8 IK CBNTBAL NEW TOBK. 

tBeilDnias with the most talerant,] 

ITImu* arnericatm (wblte elm). Quercug cocdnea (ecarlet oah). 

Acer ruhrum (red maple). Quercwa velutina (yellow oak). 

Pinua strobui (wUlte pine). Castanea dentata (chestnut). 

Quercus alba (white oak). Micoria (hickories). 
Qttercus platanoi4es (swamp white QuerciM prinus (cheatuot oak). 

oak). Pnw'iKMa atnericana (white ash). 

Quervtu rubra (red oak). Junipenu virgtniana (red cedar). 

In actual practice there is seldcwn any doubt as to the light re- 
quirements of the extreme members of ths tolerance scale. The doubt 
comes with species which, under certain conditions of climate and soil, 
may be classed eittier as tolerant or intolerant. Instead of dividing 
species into " vei^ tolerant," " tolerant," " intermediate," " intoler- 
ant," and " very intolerant," it would therefore be more simple and 
practical to divide them into only three groups — " tolerant," " par- 
tially tolerant," and " intolerant." This classification does not, how- 
ever, preclude the possibility of species with extreme requirements 
becoming, under certain conditions of climate and soil, partially 
tolerant. Thus, beech and fir, which are ordinarily vOTy tolerant, 
on very poor soil and in a very cold climate may become only par- 
tially tolerant; and, on the other hand, pine and larch, which are 
ordinarily very intolerant, in most favorable soil and climate may 
become partially tolerant. 

To the group of tolerant trees belong the following genera: Taxus, 
Fagus, Abies, Picea, Tsuga, Fseudotsuga, Thuja, ^soulua, ever- 
green oaks and other evergreen broadleaf trees, and others. 

To the group of partially tolerant trees belong Carjnnus, Tilia, 
Acer, Fraannvs, Vlmvs, Alnua, the five-needled pines, Cham<Bcypa- 
ris, Libocedrus, Sequoia, white oaks, and others. 

To the group of intolerant trees belong the black oaks; the two and 
three needled pines, such as Pinus contoria, P. jeffreyi, and others; 
Larix, Salix, Populus, Betula, Taxodium, Magnolia, Rohitda, Ltrio- 
dendron, and others. 

Of the secondary trees and arborescent shrubs, the evergreen broad- 
leaf shmbs, such as Buxus, are classed as tolerant ; Corylua, Cormts, 
Ligustrum, Euonymus, Lonicera, and othere are classed as partially 
tolerant; Prunus, Spartiwm, CaUuna, Cratcsgus, Vtbumum, and 
others as intolerant. 

Of forest weeds, Polythrichurri, Hypnwm,, Aspidiwn, Foecimwft, 
Hedera, and others are tolerant ; Anemone and Pteris, partially tol- 
erant; Ctroium, Silene, Fragana, and most of the grass and clover 
species, intolwant. 

3448°— Bull. 92—11 4 
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PRACTICAL VALUE OF THE SCALES. 

These scales have their practical use in silviculture, particularly in 
giving a broad comparison of the different species. If one is seek- 
ing a species for underplanting, he naturally concerns himself with 
the most tolerant. If he is developing a plan for reproduction cut- 
tings, he knows that the least tolerant will require a clear cutting 
method, and that he can not reestablish new growth under the old 
cover. Thus, empirical knowledge of light requirements establishes 
the fact that young growth of a tolerant species under the shade of 
a fully stocked stand of a tolerant species begins to die off, as a rule, 
after from 10 to 20 years of suppression ; intolerant trees under a 
tolerant species perish after about 5 years; a tolerant species under 
an intolerant species may continue to live indefinitely, because the 
amount of light that penetrates through the thin (Towns of the lights 
demanding species is sufficient ioe the growth and development of 
the tolerant species. Reproduction of an intolerant species under the 
shade of an intolerant species is capable of enduring for from 10 to 
20 years, or almost as long as reproduction of tolerant trees under the 
shade of tolerant species. Since the least amount of light is ad- 
.mitted to the ground in a fully stocked stand in its pole stage, only a 
tolerant species under the shade of an intolerant species can live 
through this period without injury. 

Tolerance scales based on experience are of distinct value to the 
practitioner and to the student of forestry first learning the char- 
acteristics of the different species. For accurate and scientific in- 
vestigation, however, they are defective, for they show only that one 
species is more or less tolerant than another. They do not show how 
much. What is needed is a mathematical expression for each species 
based on some definite scale. Thus, for example, that the tolerance 
of hemlock is 89, of yellow birch 61, of white oak 32, or whatever the 
actual values might be proved to be. 

METHODS OF DEIEBUININO TOLEBAITCE. 

The tolerance of trees may be determined by observation of their 
behavior in the forest in light of different intensities; by studying 
the anatomical structure and the functions of the different organs, 
especially the assimilative organs of trees grown in light and shade; 
and finally by measuring instrumentally the light intensities them- 
selves. These methods may be classed respectively as empirical, 
anatomical or physiological, and physical. 

EUFIBICAI. UETHODS. 

The density of crowns of individual trees; the rate of natural 
pruning of different species in stands of the same density, or the 
same species in stands of different densities; the number of succes- 
sive branch orders found on trees of different species ; the rate of 
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natural thinning of stands; the rapidity of growth; the ability of 
young seedlings to come up under the shade of older trees; and the 
ratio between the diameter and height of a tree, may all be used as 
a basis for determining the relative tolerance of differ^it species. 



Density of crown is, without doubt, a fairly good criterion for 
determining the tolerance of a tree. The denser the crown the less 
light is received by the leaves hidden within the crown, and conse- 
quently the more tolerant is the species, and vice versa, the more 
open ibe crown the more intolerant the species. The degree of den- 
sity or looseness of the crown can not, however, be accurately meas- 
ured and must always be ocularly estimated. This introduces a sub- 
jective element into the observation, and while it is possible to de- 
termine with ft fair degree of accuracy the extreme members in ihe 
&cale of tolerance, the intermediate species must always be arranged 
more or less arbitrarily. 

SELF-FHUMINO. 

The rapidity with which the trunk clears itself of lower branches 
is a splendid indication of the degree of tolerance. The dying of 
live branches on the lower portion of the trunk and crown in dense 
stands is, without any question, due to lack of light, which is not 
sufficient for the assimilative processes of the leaves. The more in- 
tolerant the species and the denser the stand, the more rapid is the 
pruning. Light-needing species clear themselves of branches even in 
isolated positions, although of course in a less perfect way than in 
dense stands. Shade-enduring species, however, lose the lower 
branches only in dense stands, and in the open the crowns reach 
almost to the base of the trunk. This criterion of tolerance, however, 
has the same objection as the previous one ; it leaves too much to the 
subjective impression of the observer. Furthermore, this process of 
self-pruning is often confused with the mere falling off of the dead 
branches, which is due nob to light, but to mechanical causes. 

NT7HBER OF BRANCH ORDERS. 

Mathematically, a tree or branch should contain as many succes- 
sive orders of branches as there are years in the life of the tree or 
branch, minus one. Thus, a 100-year-old oak should have 99 suc- 
cessive orders of branches; as a matter of fact, there are found, as a 
rule, not more than five or six different orders of branches. In a 
60-year-old sycamore there should be 4& branch orders; in reality 
there are found usually not more than 7. If a branch of a birch 
formed every year two lateral buds and each bud developed every 
year into a shoot, a 10-year-old branch would have 19,683 twigs, 
representing 9 yearly ramificatiiHis or orders of branches. ^Aa&m»ir 
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tflr of fact, on a 10-year branch of birch grown in the open Wiesner 
(1907) found only 238, and on a branch grown in the shade only 182 
lateral branches ; and instead of 9 successive orders of brunches tiiere 
were only 5. The reascm for many of the buds failing to develop 
into shoots and the gradual dying of existing shoots must be sought 
chiefly in the minimum light intensities under which buds and 
foliage of a given species can develop and exist. This ia especially 
true of the buds, since, as has already been pointed out, the unfolding 
of buds requires higher light intensities than the mere process of 
growth. It stands to reason that species capable of withstanding 
low light intensities will succeed in unfolding a proportionately . 
larger number of buds every year and will preserve during their 
mature life a larger number of original ramifications than will light- 
needing species. 

Wiesner (190T) prepared the following lists of trees and shrubs, 
arranged according to the number of branch orders found in them : 

COHUON FOREST TREES. 



Spoci™. 
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Specltt. 
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FhOadelphus (niock ocaoge) .. 

Llputruni ( ) 

S;iin£K{Ulac) 



In these lists the species having the smallest number of branch 
orders must be classed as light-needing, and those with the largest 
number of branch orders as distinctly shade-enduring. The only ap- 
parent exception is spruce, which, by this method, would be grouped 
with the light-needing species. The small number of branch orders 
found in spruce may not, however, be due entirety to lig^t, since many 
of the smaller branches of old spruce trees are bitten off by animals, 
especially squirrels. The interference by animals, insects, and other 
agencies with the successive branch fca^nations in a tree constitutes 
a weak point in this method of determining light requirements of 
species; moreover, the method is, of course, altogether too C(»nplicated 
for practical usa 

NATURAL THINNING OF STAND. 



The rapidity with which stands thin themselves affords another 
indication of ihe light requirements of trees. As soon as the crowns 
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in a young stand touch each other there begins a struggle for exist- 
ence among the individual trees, which finally results in the differen- 
tiation of the .stand into dominant and suppressed trees with all the 
intermediate ^ages. The teees whidi. lag behind tiieir neighbors 
receive less light, their growth is retarded, and they become more and 
more suppressed, until finally they die and thus gradually reduce the 
number of individuals in the stand. The rate at which this process 
takes place depends largely upon the degree of tolerance of the species 
composing the stand. Natural thinning, however, is a very ccsnplex 
phenomenon which is conditioned by a number of factors. Although 
light plays an esswitial part in the process, it has thus far proved im- 
possible to separate fully its influence from that of the other factors 
concerned. 

CONDITION OP EBPBODUCnON. 

The condition of the young growth under an older stand as an indi- 
cation of tolerance has the same objections, since the extent to which 
a species can stand suppres^on is far from being determined exclu- 
sively by its tolerance. This method, however, although entirely 
empirical in character, has accomplished a great deal of good, and is 
one of the most prevalent vcays of determining the tolerance of trees 
in this country. 

BEIATIVB HEIGHT. 

The relation between the height and the diameter of a tree varies 
with the amount of light which it receives. Thus a tree in the open 
grows more in thickness, while a tree in a dense stand grows more in 
height. The ratio between the height of a tree and its diameter, ob- 
tained by dividing the total height by the diameter at breastheight 
(expressed in the same unit of length), has been called its relative 
hei^t, and it has been clearly demonstrated by actual measurements 
that it depends upon the amount of light received. 

On the basis of such measurements, Medevev (1884), a Russian 
forester, obtained the following maximum and minimiun figures of 
relative heights for isolated and suppressed trees: 





Isolated 
trees. 


"ST- 




34.9 

sg.g 

38.4 

















Between these extreme figures are included the relative heights of 
trees in all the intermediate degrees of illumination. The more 
shade-enduring a species the lower is the light intensity at which it 
can grow, and consequently the greater the relative height at which 
it becomes completely suppressed and dies. It is possible, therefore, 
by detenuLuing the relative height of a given species to determine 
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also its ability to endure low light intensities; that is, its tolerance. 
The best way t« obtain such figures would be to determine the rela- 
tive heights of trees which have grown without any influence upon 
one another, but under a uniform shading of some other stand. 
Since, however, such conditions were hard to find, Medevev, who was 
the author of this method, made use of the numerous results of bis 
forest measur^nent work and of the data obtained in measuring 
sample areas, especially in the forests of Transcaucasus, where an 
unusual number of observations were made on spruce (Picea orien- 
talU) and on Scotch pine. 

He found, on the basis of such measurements, that the relative 
height of spruce is from 1.762 to 1.338, or on the average 1.500 times 
greater than that of pine ; in other words, that the tolerance of spruce 
is <me and a half times greater than that of pine. In the same way 
the following figures were obtained for the light relations of other 
species : 

Spruce (Ptcea) to ploe {Hiuu) 1.000 

Pine (PtoM) toblrcli {Betula) 1.333 

Beech iFagus) to spruce (Picea) 1.028 

Hornbeam (Carpiiiui) to beech {Fagus) .918 

Tew iTaxus) to beech (Fagus) 2.816 

Fir (AWe«) to spruce [Picea) 1.126 

Bagflwood (TiUa) to beech {Fagut) .840 

Oak (0«ercu«) to hornbeam {Carpirms) .855 

Aepen (Popvlus) to ptae {Pinus) 1.190 

Ash (Fraaiinua) to birch (Betulfl) 1.400 

If birch, as the most light-needing species, be taken as a. unit, the 
relative tolerance of the other species would be expressed as follows : 



Birch {Betula)—. 
Pine (PiniM) 

Aspen lPopuUi»)-. 



Hornbeam iCarpinug) 1.889 

Spruce (Picea) 2.000 

Beech (Fagus).. 



Fir (Abie* nordmanniaaa) 2.4S0 

Tew (Tawua) 5.796 



Oak (Quercut) l.«45 

Basswood (THia) 1.747 

Medevev's method, although less subjective than some of the others ' 
suggested, is nevertheless not entirely reliable, since it is still an open 
question whether or not the distribution of growth in a tree depends 
exclusively, or even chiefly, upon light. Investigations have shown 
that while the growth in diam^er of suppressed trees is from one- 
third to two-fifths as much as that of dominant trees, their height 
growth is from two-thirds to three-fourths as much. 

According to Hartig (1891: 271-274), the distributitm of the in- 
crement of a tree is influ^iced by the density of the stand and whether 
the tree is dominant, intermediate, or suppressed. In dominant 
trees the increment is chiefly in the lower part of the trunk ; in sup- 
pressed trees, in the upper part. Suppressed trees stHnetimes show 
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even an entire lack of annua) rings at breastheight, and in such cases 
the relative height of the tree can not be a true indication of its 
tolerance, 

ARTIFICIAL SHADING. 

With empirical methods must also be classed the experiments in 
artificial shading, to determine the relative tolerance of forest trees. 
The first experiment of this kind was made in 1866 bj Kraft (1878, 
V. 54: 164^167), who planted under the cover of a 50-year-old oak 
forest (of artificial origin) seedlings of other forest trees, and ei^t 
years later, in 1874, measured the heights and diameters of the 
planted seedlings. On the basis of the results of these experiments 
and observations on the forest in general, Kraft arranged the species, 
beginning with the most tolerant, in the following order; 
Faom and Abiea (beech aod flr). Betula (birch). 

Carpinus (horabeam). Pinug strottits (white pine). 

Acer (maple). LariiB (larch). 

Picea (spruce). Pinus au»trtaca (AustrlBn pine). 

Frawinus (aeh). Pinus gylvestris (Scotch pine). 

Another experiment of this kind was made in Russia by Nikolsky 
(1881) on three rows of pine (intolerant) and spruce (tolerant) for 
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FiQ, 3. — Reeulta at eiperlmente witb shading aeedllngB. 
the purpose of determining the influence which shade has upon the 
growth of 1-year-old spruce and pine. In this experiment the great- 
est length of stem (from the cotyledons to the terminal buds) was 
found in trees which grew in the shaded row ; the length of the entire 
plant above ground increased with increase in shade ^ the length of 
the main root, as well as the number and the total length of the lat- 
eral roots, however, diminished with increase in shade,, while the 
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total length of all roots in rows with great light intensity was greater 
than the total length of all the roots in the shaded rows; in pine 
seven and a half times and in spruce two times ; at the same time the 
weight of the dry substance of seedlings which grew in full light 
was greater (in pine five times, in spruce three times) than that of 
seedlings which grew in heavy shade. 

The Swiss experiment station^ made, in 1893 and 1897 (Badoux, 
1898, V. 6: 29-36), experiments on 11 tree species (5 rows of each) 
with different degrees of shading ; rows entirely unshaded, one-fourth, 
one-half, and two-tiirds shaded. In these experiments the least sen- 
sitive to shading proved 
to be spruce and fir, 
which had almost tiie 
same average height 
growth at different de- 
grees of shading. With 
pines, larch, beech, and 
ash the growth in height, 
on the contrary, de- 
creased in proportion to 
shading. Finally, with 
basswood, blue beech, 
and elm, the growth in 
diameter decreased in 
proportion to shading, 
while the growth in 
height was but little af- 
fected. The results of 
these experiments are 
presented in fig. 3, where 
for each species is given 
the average height of the stem above the ground in inches, and for fir, 
spruce, Austrian pine, Scotch pine, and larch also the average diam- 
eter of the stem above ground. 

ANATOKICAL AITD FHTSIOLOQICAI. KETHODS. 
The cause of the difference in the ability of plants to endure shade 
must, as already stated, be sought in the leaves, chiefly in their ana- 
tomical structure and in the character of the chlorophyll. 

STRUCTUBE OF lJ:AVEa. 

Stahl's (1880 and 1883) experiments have conclusively shown that 
light exerts a very powerful influence upon the external and internal 
structure of the leaves. Shade-enduring plants (for instance, Oxalic 

iTbese eiperlmeatB seem to show tbat the developmeDt of Beedllngs of an Intolerant 
■peciea U affected more by veriBtlon In light Intensitr thao 1b tbat of a tolerant apecles, 
and therefore tbat their behavlot Id dUferent light tnteiiBltiea ma; mtvq «a a crtterloit to 
determine CLi.:i 
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aeetoseUa) have their leaves made up ahnost exclusively of cells of 
the spongy parenchjona, while the leaves of extremely light-needing 
plants have hardly any cells of the spongy parenchyma, but are 
made up also exclusively of palisade parenchyma. Stahl'a experi- 
ments have also demonstrated that the structure of leaves of the same 
species varies with different light intensities; in the shade the leaves 
are made up chiefly of spongy parenchyma; in fuU light, of palisade 
tissue. The spongy parenchyma is adapted to weak and the palisade 
tissue to strong light. The leaves of beech, for instance, in light 
are characterized by a dark-green color on their upper surface and 



Bla. B. — Crosa wctlon of a spruce needle, a, Qrown In the shade ; b, grown In full light. 

strongly developed palisade tissue; in the shade they have a light- 
green surface, and are made up almost exclusively of spongy paren- 
chyma. Leaves in light often have a crumpled surface and are fre- 
quently more densely covered with hair than leaves in the shade ; the 
veins of leaves in light are also developed more strongly; and, 
finally, the thickness of the leaf is closely connected with the struc- 
ture, a shaded leaf being so thin and limp that it readily rolls itself 
into a small tube, while the leaf in light has a dense structure. (See 
figs, i and 5.) In Table 5 is given a comparative thickness of leaf 
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Table 6. — Comparative thicknegt of leaf tUauet in mtcronUlUmntftrt. 





TblCklHB. 


Bpedes. 


EpIdalDh. 


»Xr- 


•-ST" 




S^ 


mumlned 
leaves. 


Shaded 
leavea. 


niumlHd 
leavu. 


Shaded 


niunUiwd 

leBvea. 






i 


20 
24 


U 


7B 
38 
02 
Ofl 
80 


SB 

























< Keren to one of the tollowlns Enropean lindeaa : T. ptatupkulkit, T. vutgarUj T. 
oordata. 

Some shade-enduring plants, as Oxalis, for instance, when exposed 
to strong light become sickly, since they are unable to modify the 
mesophyUum of the leaves. The other extreme is shown by light- 
loving species, such as Peucedanum,, which are unable to endure shade. 
Trees occupy an intermediate position between these two extremes. 
They are capable of adapting themselves more or less, especially those 
species whose life tissues may be either chiefly in the form of a 
spongy parenchyma or chiefly in the form of a palisade parenchyma, 
in accordance with the light intensity. The stronger the parenchyma 
tissues developed, the more intolerant is the species, and vice versa. 
Therefore, by the thickness of the parenchyma of shaded leaves, espe- 
cially of the palisade parenchyma, it is possible to determine the 
comparative adaptability of species to shading. Suroj ( 1891 ) , on the 
basis of his experiments along this line, has arranged the different 
tree species in order of their tolerance (beginning with the most tol- 
erant) as follows: 

AltM9 incana (hoary alder). 

Quercus robur jjedttnculata <peduQC«- 
late oak). 

Fraxinua excelsior (European aeh). 

Pinug gtroJtvs (white pine). 

Betula verrucosa (blrcL). 

Populut tremttJa (aepen-poplar). 

Pinus ailvestris (Scotch pine). 

LarUe europiea (EJuropean larch). 

A8SIMIL.ATIVB CAPACITr OP L£AF. 

The assimilative capacity of the leaves furnishes another good basis 
for determining the comparative tolerance of different trees. It has 
already been brought out that there is a difference in the assimilative 
energy of light-needing and ^ade-enduring species as influenced by 
light, which is due to the inherent difference in the sensitiveness of 
the chloroplasts of the two groups of trees. The leaves of some species 
(shade enduring) apparently do not possess a great assimilative 
lative activity only in intense light. Assimilation means, in every 
species (U^t needing) are capable of developing the greatest assimi- 



Taxvg iaccata (Earopean yew). 

Abies pecHnala (silver flr). 

TiUa (lindcu). 

Picea (spruce). 

Sorbus aacaparia (mountain asb). 

Acer (maple). 

Alnu» glutinoga (black alder). 

Ulmua effusa (spreading elm). 
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lative Bctiyity only in intense light. Assimilation means, in every 
case, growth, and therefore it is natural to expect a similar difference 
in the capacity of growth of shade-^iduring and light-needing species. 
It is known experimentally that if light-needing and shade-enduring 
species are raised in full light, the most rapid growth of the young 
seedlings will be found among the light-needing species, but if the 
two kinds of seedlings are raised under shade, the result will be the 
reverse. It is known further that in older trees also there is a direct 
relationship between the capacity for height growth and the toler- 
ance of the species; the more light needing the species the more rapid 
is its growth. Otherwise a slow-growing but light-needing species 
would not be able to compete with other more tolerant species. 
Comparison between species, arranged in order of their tolerance and 
ra'pidity of growth, brings out clearly this relationship : 
Tolerance and rate of groieth. 

AcCOBDttra TO QiTWR (1898). 

Bapldlt; of growth. (Hoat rapid growing 



Tolerance. (Host Intoterant flrat.) 

LaritB europaa (European larch). 
PfntM ij/ivestrig (Scotch pine). 
Picea (spmce). 
Abies pecthutta (sllTer flr). 
Betvla (birch). 

Pppulus tremvla (aspen-poplar). 
Fraxinva exeeUUtr (European ash). 
Qwercug (oak). 
Alnus tncana (hoaiy alder). 
Ultnus effuaa (elm). 
TUia (llnd^). 
Acer (maple). 

Corpinui beMus (EHiropean horn- 
beam). 
Fagus (beech). 

ACCOBDINQ TO 



Tolera 



(Moat tolerant llrat.) 



Laria europaa (European larch). 
Pinug aylvegtris (Scotch pine). 
Picea (spruce). 
Aliies(fir). 

Populiu tremula (aspen-poplar). 
Beiula (birch). 
Ahiut (ncona (hoary alder). 
Acer (maple). 

JHmut eHuaa (spreading elm). 
Acer pseudaplataniM (sycamore maple). 
Querout (oak). 

CarplntM Aetulug (European horn- 
beam). 
Tilia (linden). 
Fagui (beech). 



Laria europaa (European larch). 

Pinus svlvestrU ( Scotcl^ pine) . 

Picea (spruce). 

Abies pectinata (eilver flr). 

Betula (birch). 

Pofmlwa tremula (aepen-poplar). 

Alnvg incana (hoary alder). 

Acer (maple). 

Fra;einii» excelsior (European ash). 

TUia (linden). 

Vlmus effuaa (spreading elm). 

Qaercus (oak). 

CarpitiKt betvlng (European hom- 

Fagua (beech). 
Hbiir (I8»3). 
RapIdlCj of growth. (Most rapid growlnc 

flnt) 
Laria europtra (European larch). 
Pinus svlveatria (Scotch pine). 
Picea (spruce). 
Abies (flr). 

Populua tremiUa (aspen-poplar), • 
Betula (birch). 
Alnua incana (hoary alder). 
Acer (maple). 

Vlmus effuaa (spreading elm). 
Acer pg&^doplatann» (Bycamore maple). 
TUia (linden). 
Qtieroua (oak). 
Oarpinut Oelvltta (European horn- 

Fagua (beech). 
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Miiller (1877) attempted to determine the comparative lig^t re- 
quirements of different species by arranging leaves of the same species 
in layers, one above the other, until no light could penetrate through 
them. This he accomplished by placing the leaves over a small aper- 
ture in a perfectly dark room and by causing the sun rays to pene- 
trate into this dark room through the aperture perpendicularly to 
the surface of the leaves. Light was entirely prevented from enter- 
ing the dark room by a thickness of 10 leaves of ash, 11 of elm and 
basswood, 18 of alder and oak, 15 of aspen and maple, 17 of blue 
beech, and 20 of beech. These figures are indicative of the shade 
which each species can endure, and may therefore serve as a criterion 
of their tolarance. 

FHTSICJU. UETHODS.* 

A more direct way of determining the light requirements of forest 
trees is to measure with instruments the light itself, just as weight is 
measured by means of scales, temperature by means of thermometers, 
air pressure by means of barometers, and air humidity by means of 
psychrometers. 

Sunlight is not homogenous, but is composed of rays of many dif- 
ferent wave lengths. The white sun ray in passing through a prism 
reveals seven different colors, known as the solar spectrum, and these 
in turn are made up of an infinite number of color gradations. The 
different rays composing the solar spectrum produce different effects 
upon matter. Thus, the rays which produce by their action upon 
the retina the sensation of vision are luminous rays and are found 
chiefly in the yellow portion of the spectrum, decreasing toward the 
red and the violet. The rays producing the heating effect are calorific 
rays and are centered in the red portion. They are very low in the 
ultraviolet and high in the infra-red. The rays which affect photo-^ 
graphic paper or other light-sensitive substences are actinic or 
chemical rays. They are usually greatest in the violet or ultraviolet 
portion of tiie spectrum. In measuring light, therefore, it is possible 
to measure either the luminous effect or the heating effect or the 
chemical effect. 

Plant life is differently affected by different rays of the solar 
spectrum. In order to determine accurately, therefore, the effect of 
light upon tree life, not merely the luminous effect or the chemical 
effect, but the effect of each separate ray of the spectrum should 
be measured. Unfortunately, up to the present time no accurate and 
practical instrument has been invented by which the effect of the 
different rays of the spectrum can be measured. The methods of 

1 This dbcasHlon 1> based largel7 on ■ 
prepared b; G. A. Peanon, In cbarg« of t 
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measuring light in the forest so far have been based to some extent 
on the measurement of its luminous intraisity, but principally on the 
measurement of its chemical intensity. 

MBASOEBMENT OF LUMINOUS LIQHT INTBNSITT. 

In physics the usual method of determining the intensity of a 
luminous source is to compare it v/ith a light of known intensity. 
For this purpose there have been adopted a number of lights which 
are used as the standard of ccHnparison; among these may be mwi- 
tioned the " standard candle," the Hefner-Alteneck lamp, and the 
Vernon Harcourt lamp. The use of such standards in field worii, 
however, has been found very inconvenient and impracticable, and 
a number of attempts have been made to devise an instrument by 
which the luminous intensity of light could be measured without ' 
the use of the standard light. None of these attempts has, however, 
resulted in a generally adopted instrument. The best-known instru- 
ments for this purpose are the smoked-glass photometer and the 
polarization photometer, for which the inventor Wagner (1907), 
claims great simplicity and accuracy. Nobody, however, except the 
inventor himself has used these insbounents for field w<h^, and no 
definite results of any permanent value have been obtained with 
them. 

The principle upon which these two instruments are based is that 
of measuring the amount of light which is intercepted, in one case 
by a graduated, sliding, smoked glass of uneven thid;ness (wedge 
shaped) , and in the other case by two Nichol's prions whose planes 
of vibration form various angles with eaeh other. If the amount of 
light intercepted by the thinner and thicker portions of the wedge- 
shaped smoked glass, or by the two prisms at various angles of their 
planes of vibration, is known, then the intensity of light in the open 
and in the forest may be determined. Thus, if the observer looks 
through the tube of the smoked glass photometer in the open and 
obtains complete absorption of light by the smoked glass at a point 
at which its light absorption is equal to 25 units, while in the forest 
complete darkness is obtained at a point at which its absorption of 
light is equal to 20 units, then the light intensity in the forest is 
to that in the open as 20 is to 25, or, expressed in per cent, the light 
in the forest is 80 per cent of that in the open. 

In the case of the polarization photometer, the amount of light 
absorption in the open and in the forest is measured not by a smoked 
glass of uneven thickness but by the angle between the planes of 
vibration of the two Nichol's prisms. 

These two photometers are very simple, but they are not free from 
error, since with both the accuracy of the measur^nents depends 
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chiefly on the ability of the observer to determine the point at which 
total darkness begins. The chance for subjective error, owing to the 
variability of the human eye, is therefore very great. 

MEASmtZHBNT OF CHEMICAL UOHT INTENSmT. 

Of all the physical methods of measuring light, the measurements 
of its chemical intensity have proved most satisfactory, and have 
contributed in a large measure to a better understanding of climate 
(Bunsen and Roscoe, 1862) and of the effect of light upon plant life. 

TJ8E OF PHOTOOBAPHIO PAPER. 

The Austrian botanist, Prof. Julius Wieaner, was really the first 
who employed in a practical and thoroughly scientific manner the 
action of lig^t upon silver chloride paper (photographic paper) for 
determining the light requirements of plants. Before Wiesner, 
Theodore Hartig attempted to determine quantitatively the light 
requirements of forest trees by means of photographic paper, but he 
did not succeed in developing a thoroughly satisfactory instrument. 
Use of photographic paper for measuring light inten^ties was first 
made by Bunsen and Koscoe for climatological investigations, but 
Wieaner was the first to adapt this method to studies of plant life. 

The measurement of the chranical intensity of light is based on the 
w^l-known law formulated by Bunsen and Roscoe that products of 
light intensity and time of exposure correspond to darkenings of 
silver chloride paper of like sensitiveness. In other words, if two 
exposures produce the same tints on the same kind of paper in dif- 
ferent lengths of time, the lig^t intensities are inversely propor- 
tional to the corresponding periods of exposure. Thus, if a certain 
shade is reached in light / by an exposure of i seconds, and the same 
shade is reached in light /^ by an exposure of t^ seconds, then I:I^= 
t^ : t, or It=I^ti. By varying, therefore, the time of exposure, it is 
possible to obtain identical shades at very different light intensities. 

" NOBMAL 8HADB " AND " NOBMAI. FAPBB." 

In order to have a uniform and constant unit of measure of the 
light intensity a standard or " normal shade " and a standard or 
" normal paper " has been adopted. The " normal shade " adopted 
by Bunsen and Boscoe is prepared as follows: One thousand parts 
of chemically pure white zinc oxide are mixed with one part pure 
lampblack heated to incandescence in die absence of air. The 
mixture is pulverized to a fine grayish powder. This powder is then 
spread, with the aid of a gelatinous solution, in an even coat on a 
piece of white paper or pasteboard, and produces a constant, uni- 
form, and somewhat grayish color. This color is the " normal 
shade " to which all ot^er shades are compared. 
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The " normal paper " is prepared in a very simple way. Ordinary 
paper used* for photographic purposes is soaked in a 3 per cent solu- 
tion of common salt, and then hung up to dry. After the paper has 
become thoroughly dry it is immersed for two minutes, in the ab- 
sence of chemically active rays, in a 12 per cent solution of silver 
nitrate. After this the paper is dried in a dark place. 

The light intensity which produces in one second on such " normal 
paper " a shade equal to the " normal shade " is the Bunsen-Roscoe 
unit of measure of the chemical light intensity. Thus, if the color 

of the " normal shade " is reached in 1, 2, 3, 4 n 

seconds, the corresponding light intensities are 1/1, 1/2, 1/3, 
1/4 1/n, 

WIESNER'8 inbolatob. 

The measurement of the chemical light intensity is carried cai by 
means of a very sin;iple device called an insolator (see fig. 6) and a 
stop watch. The insolator devised by Wiesner consists of a piece of 
soft wood 3 to 4 inches long, 2^ to 3 inches wide, and about one-fourth 
of an inch thick, covered, with the exception of a narrow slit at one 
end (S), with black opaque paper. The strip of "normal paper" 
(N. P.) is pushed in beneath the black paper, and the standard 
("normal shade") is placed in the slit beside the "normal paper." 
When a reading is to be made the insolator is held in a horizontal 
position. The photographic " normal paper " is drawn out until a 
section of it is brought into the open slit, thus exposing it to light. 
At the same moment that the " normal paper " is exposed to the light 
the time is taken. As soon as the " normal paper " assumes a shade 
identical with the " normal £hade " the watch is stopped and the time 
of exposure is recorded. The light intensity is determined by divid- 
ing the light value of the standard by the time which has elapsed 
from the beginning to the end of the exposure. Thus, if at a given 
light intensity ei^t seconds are required to produce the " normal 
shade" on the "normal paper," then the intensity 7=1:8=0.125, 
Bunsen-Roscoe units. 

As long as low light intensities are measured, the " normal shade " 
is auffident; as soon, howev^, as high light intensities are to be meas- 
ured, in which the " normal shade " is assumed in fractions of a sec- 
ond, and therefore the time of exposure can not be accurately re- 
corded, standards of different light values greater than that of the 
" normal shade " become necessary. Such standards are readily ob- 
tained simply by a comparison with the " normal shade." Thus, if it 
is desired to obtain a standard 10 times greater than the " normal 
shade," a strip of " normal paper " is exposed in the insolator 10 
times the number of seconds required to reach the tint of the " normal 
shade." Since such standards to be of any value must remain un- 
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changed when exposed to the light, the shades obtained by different 
exposures of the " normal paper " are reproduced in permanent wat«r 
colors. The different standards are then placed in the insolatcr 
beside the " normal paper " for facilitating comparison. (See fig. ('■, 
N. S. 10.) 

In field work, instead of the " normal paper," ordinary photo- 
graphic paper, especially Rodamin-B paper, invented by A. An- 
dresen, of Berlin, may be used. The chief drawback to the use of 
the " normal paper " is its poor keeping quality. It can be kept at 
most only 24 hours, and therefore a fresh supply must be made every 
day. Any commercial silver chloride or silver bromide photographic 
papers may be used, provided they are of a uniform known sensi- 
tiveness with reference to the 
" normal paper." 

CLEUENTS' FHOTOMETEB. 

Prof. F.- E. Clements (1906 : 
38-63), in his studies of the 
influence of light upon vege- 
tation, has used a photometer 
of his own invention which 
in many ways is simpler than 
Wiesner's insolator. Like 
Wiesner's photometer, it is 
also based on the blackening 
of silver salts in the light. 
The construction of the in- 
strument is shown in fig. 7. 
It is made in two cases, outer 
A and inner 5, whidi fit 

01V closely together, forming a 

„ . „, , , , . o o„. ,„ ,u„ tight metal case. A strip of 

TiQ. 6. — Wleener'g Ingolator. S, Silt In the => . . . , , 

black paper; N. P., "normal paper"; N. 8. Sensitive paper IS fastened 

■\.;.°S"i't:''o'^,.!,V:"!.™i .U°:- ' "po" 'i-" ''"'"W" »' «.""* 

fits into the outer case A. 
The two parts are held together by means of a central screw C. In 
the outer case is a hole one- fourth of an indi square, which is opened 
and closed by means of a slide S working between two flanges (/). 
By turning the inner case B the strip of paper is made to revolve 
past the opening. The outer face of B is graduated into 25 equal 
parts, which are numbered consecutively in such a manner that the 
number opposite the opening will always indicate the number of the 
exposure. On the edge of the shoulder bearing the strip of paper 
are 25 holes, which are engaged by a spring catch as the case B 
is turned, thus allowing only one twenty-fifth of a revolution to be 
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made at a tima The photometer is made of aluminum; it weighs 
but a few ounces and may be conveniently carried in the pocket. 

The sensitive paper is a commercial printing paper sold on the 
market as " solio." The photographic paper, the most ccmvenient 
size of which to use in the photometer is the 8 by 10 inch sheet, is 
cut into stiips one-quarter of an inch wide. The strip is placed in 
position on the shoulder of the photometer so that the two ends meet 



(a) 




at E, care being exercised that the strip fits into the groove all around. 
The strip is then drawn tight and the ends are wedged into the slit 
with a piece of cork. 

In this way Clements dispensed with the " normal paper " of 
Wiesner. He has also done away with the " normal shade," substi- 
tuting for it what he calls a " multiple standard." This " multiple 
standard " consists of a strip of paper exposed for 1, 2, 3, 4, and 5 
seconds successively, thus producing a series of shades. For the unit 
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of measure is taken the shade made by an exposure of one second at 
meridian at a given day and place when the sun is not obscured by 
clouds. 

Since the standard is not " fixed," it should therefore always be 
kept in a dark, cool place. The exposures are made by quickly draw- 
ing back the slide, thus exposing a section of the sensitive paper. 
The paper is usually exposed until a medium shade is obtained, be- 
cause very light or very dark shades are difficult to match with the 
standard. After each exposure the disk B is turned to the next 
number. When the entire strip has been exposed, it is removed, 
labeled, and placed in an envelope or light-proof box, where it is 
kept until it is compared with the standard. 

At the end of the day's field work the exposed strips are compared 
with the standards, in the absence of chemically active rays. The 
standard is laid upon the table and fastened at each end with pins 
to prevent curling. The exposure to be compared is passed along 
the standard until the ^ade is found with which it matches. The 
relative light intensity is then found from the time ratio between 
the particular shade in the standard and the exposure with which it 
matches. Thus, if the tint has been obtained by an exposure of 60 
seconds in the forest, while the shade of the standard which it 
matches has been obtained by an exposure of only 3 seconds in 
the open, then the light intensity in the forest is 3/60, or 1/20, or 
0.05 of that of meridional sunlight in the open. The difficulty with 
Clements' method, even more than Wiesner's, lies in matching the 
tints obtained in the forest with those of the standard; yet with 
some practice fairly accurate results are obtained by means of Clem- 
ents' photometer. 



Since plants seldom make use of the total daylight but only of a 
portion of it, it is of greater practical value to know how much of 
the total daylight a given species actually requires for its growth 
than simply to know the light intensity in the crown expressed in 
absolute figures without relation to the light intensity in the open. 
The ratio between the light intensity which a given plant actually 
enjoys and the light intensity in the open is the " relative " light 
intensity. The light intensity in the open, expressed in Bunsen- 
Koscoe units, is the " absolute " light intensity. Thus, if the light in 
the open has a chemical intensity equal to 0.80, Bunsen-Roscoe units, 
while at the same time the light intensity in a tree crown is only 
0.20, then the relative light intensity, or the amount of light the tree 
actually receives, is 20/80, or one-fourth of the total daylight. 
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mTBOS or UAKiira uEAsuBUfimTB. 

Measurements of light should be made on perfectly dear days, 
since cloudy, smt^, and hazy skies reduce the light intensity and 
are apt to lead to errors. For the same reason no measurements 
should be made when the sun is at the horizon or low altitude, for 
the composition of the solar spectrum at that time differs consider- 
ably from that when the sun is at a high altitude. Absolute light 
intensity is also influenced by the altitude above sea level. Its in- 
fluence, however, is noticeably felt only when the diffwence in eleva- 
tion is 3,000 feet or more. 

The measurement of the relative light intensity enjoyed by forest 
trees presents considerable difficulties because the different parts of 
the crown are differently illumined. It is not enough, therefore, in 
measuring the relative light intensity to measure only the light on 
the periphery of the crown, but rather the minimum light intensity 
at which green leaves still continue to live or assimilate carbon from 
the air. This minimum light intensity is of the greatest importance 
in fore^ry, since it indicates the limit of light beyond which a given 
species can not exist, and consequently serves as a basis for classify- 
ing species as tolerant and intolerant. The maximum light intensity 
under which forest trees grow best does not differ as much with dif- 
ferent species as does the minimum light intensity which is charac- 
teristic of each species and which must be taken into account in car- 
rying on cultural operations in the forest. 

It is evident that in attempting to measure the maximum and 
minimum light intensities which are enjoyed by different species we 
are necessarily dealing with a variable quantity. Not only does the 
lig^t vary with the altitude of the sun, but the li^t intensity within 
the crown varies with the density of the crown and the arrangement 
of the foliage. 

There are two possible ways of measuring the amount of light 
which is received by a given tree. On« way is to obtain a summa- 
tion of the light intensities for the vegetative period. Another way, 
much simpler and yet probably as serviceable for the comparison of 
different species, is to make a series of measurements during the day 
at points within the crown where the foliage jiist continues to exist. 
An average of these measurements gives the average minimum light 
intensity for that species. The measurements should be taken every 
hour, so as to include the periods of greatest and 'least illumination 
of the interior of the crown. 

These periods vary considerably with different species. Thus, 
thinly foliaged trees have a light intensity in the interior of the 
crown in direct proportion to the intensity of the daylight, and the 
relative minimum light intensity remains about constant through- 
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out the day. In densely foliaged trees in whidi the foliage has a 
more or less horizontal position, as a rule the light intensity in the 
interior of the crown at noon, or when the sun is at its highest alti- 
tude, is greatly reduced, since the position of the leaves prevents to 
a large extent the entrance of the vertical rays. In such trees the 
greatest light intensity within the interior of the crown occurs in the 
forenoon and in the afternoon when the sun is in the east and west — 
that is, when the light penetrates into the interior of the crown, not 
from above, but from the side. The light intensity at noon, there- 
fore, lies between two maxima, which occur in the forraioon and the 
afternoon. In thinly foliaged trees of species, such as locust, whose 
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Fra. S.^Maitmam and mlnlmuin llgbt Intensltleii wltbln crowns of trees with dUreienl 
anaDKement of foliage, a. Tree with borlzaotal arrsagemcDt of foliage. In which noon 
llgbt Intensltr Ilea between two mailma ; b. tree with vertical foliage in vhich the 
maximum lllnmlnation of the crown occara at noon, 

leaves avoid the midday light by assuming a profile position, a maxi- 
mum intensity may be attained at noon. In trees of the same spe- 
cies which have a dense foliage, however, only the uppermost leaves 
assume a profile position at noon, and the relative light intensity 
within the interior of the crown, therefore, remains more or less 
constant during the day. (See fig. 8.) TTils difference in the occur- 
rence of maximum and minimum light intensities within the tree 
crowns during the day is clearly brought out in the diagrams (figs. 9 
and 10), which represent actual hourly measurements of light inten- 
sities in the interior of the crown of ailanthns (Aiianthus glandulosa) 
and black locust (Robinia pseudacacia). 
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Fio. B. — Hourly Ugbt Intensttlel within the crown ol aUan- 
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MEABUBEMEHTH 

Plants depend chiefly for their growth and development on dif- 
fused light ; yet for certain functions, such as leafing, flowering, and 
fruiting, direct sunlight is essential, and it is thereftn-e desirable to 
determine the re- 
quirements of trees 
for direct and dif- 
fused light By 
means of Wiesner's 
insolator the inten- 
sity of direct and 
diffused light may 
be measured sepa- 
rately in the man- 
ner suggested by 
Boscoe. The ob- 
server faces the sun, 
holding the insola- 
tor in a horizontal 
position before him. 
The time required to obtain the shade of a given standard is recorded. 
He then turns 180° so that his back is toward the sun, and holding 
the insolater in the shadow of his body again observes the time 

required for the 
"normal paper" to 
readi the tint of 
the same standard. 
The reading taken 
facing the sun 
gives the intensity 
of the total light- 
that is, the sum of 
the direct and dif- 
fused light. The 
one facing away 
from the sun gives 
only the diffused 
light, since here the 
direct light is cat 
off by the body of 
the observer. The intensity of the direct light alone is then found 
by subtracting the value of the diffused light from that of the total 
Ught 
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If, for instance, 8 seconds are required to obtain the " normal 
shade " in full sunlight and 27 seconds are required when the insolator 
is held in the shadow of the body, then the intensity of the total light 
(direct plus diffused light) 7^=^=0.125; the intensity of the dif- 
fused light Id=^=0.(i^7, and the intensity of the direct light ID= 
/(— 7^=0.125— 0.037=0.088. Since the body of the observer ab- 
sorbs a portion of the diffused light, this method gives correct values 
for the total light, but does not give correct values for the diffused 
light. In order to minimize the error for diffused light it is sug- 
gested that the insolator be held as far from the body as possible 
and in such a position as to receive only the shadow cast by the head. 



wibsneb's invEBTia&TiONS. 



By means of the chemical method Wiesner (1907) determined the 
average minimum light intensities of a comparatively large niuuber 
of forest trees of the temperate and tropical climates, as follows : 
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This scale of tolerance corresponds very closely to the empirical 
scales that have been worked out by foresters, with the exception 
perhaps of ash, whose minimum light requirement is given as greater 
than that of birch, which is scarcely correct 

Of special into-est are the minimum light requirements found by 
Wiesner (1905:77-150) for some of our native trees and shrubs and 
European species commonly grown here : 
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Species. 
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CLEUENTS' IRTEBTIOATIONS. 



Clements detennined, by the aid of his photometer, the light 
requirements of a number of forest trees in Colorado in the lodge- 
pole pine zone of the Eocky Mountains. He found that the light 
values in mature lodgepole pine forests range from 0.12 to 0.05 
(1/8.3 to 1/20). The values most frequently found were 0.08 
(1/12.5) and 0.07 (1/14.3), which he accepts as the normal. At 
intensities of 0.20 to 0.14 (1/5 to 1/7.1), germination and growth 
of lodgepole pine were found to be fairly good, though much below 
that in sunshine. No vigorous seedlings were found in forests with 
light values from 0.08 to 0.05 (1/12.5 to 1/20). These light values 
tend to show that the minimum light intensity for lodgepole pine is 
very low, much lower than the values obtained by Wiesner. Wiesner 
determined the minimum light intensity for lodgepole pine as 1/6 
of full daylight, while the light intensities under which lodgepole 
pine seedlings still persist, according to Clements, may be even as 
low as 1/20. This difference is due partly to the difference in the 
methods of measuring light, partly to the difference in the accuracy 
of the two instruments, but probably chiefly to the difference in the 
standard with which the light intensities were compared. Clem- 
ents' measurements of the light requirements of limber pine (Ptmis 
fiexilia) gave him values approximately the same as those for lodge- 
pole pine {Pinus contorta). This again does not agree with the 
results obtained in Yellowstone Park by Wiesner, who found the 
minimiun light intensity for limber pine to be from 1/8 to 1/9. For 
Douglas fir the minimum light intensity, according to Clements, 
apparently lies below 0.05 (1/20). In Estes Park he found that 
Douglas fir very rarely thrives in light intensities below 0.05 (1/20), 
though it grows fairly well in light of 0.02 (1/50) at Pikes Peak. 
Wiesner determined the minimum light intensity for Douglas fir 
in the Rocky Mountains also as 1/20. Engelmann spruce {Picea 
en^elmanm) and alpine fir {Abies lasiocarpa) were found by Clem- 
ents to be almost identical in their tolerance, and no forest light 
measured was too weak for fair reproduction of both species. 
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G. A. Pearson took a number of light readings, by means of Clem- 
ents' photometer, on several species of forest trees at the Coconino 
Forest Experiment Station near Flagstaff, Ariz., in 1909, and on the 
Wallowa National Forest in northeastern Oregon in 1907. 

At the Coconino Forest Experiment Station, at an elevation of 
7,200 feet, on a limestone formation, he found the following li^t 
vfdues for western yellow-pine seedlings at five different places : 
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In a sapling stand of western yellow pine 24 years old, on rocky, 
volcanic soil, elevation 7,300 feet, readings aromid an old, fuU- 
crowned tree at the inner limit of thrifty sapling growth gave the 
following light values : 0.579, 0.547, 0.379, 0.328. Readings in a group 
of suppressed saplings in a near-by stand gave values of 0.088 and 
0.026. 

From these observations it appears that the seedlings of western 
yellow, pine grow fairly well in a light intensity of from 0.309 to 
0.414, while the older saplings evidently require a light int^isity of 
0.328. 

In a thick stand of white fir {Abies concolor) saplings from 4 to 12 
feet high under Douglas fir, white fir, and western yellow pine, on a 
steep, very rocky south slope, he obtained the following light values: 
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In a stand of Douglas fir {Pseudotsuga taxifolia) saplings from 
4 to 6 feet high under western yellow pine, aspen, and Douglas fir, on 
a gentle, northwesterly slope, at the edge of draw, with rocky but 
fresh soil, he obtained the following values : 
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In a stand of very healthy and fast-growing saplings of Engel- 
mann spruce (Picea engelmanni) , in small groups on the top of a 
ridge, under Engelmann spruce, he obtained the following values: 
0.050, 0.062, and 0.033. 

Arranging the species in ihe order of their light requirements, as 
determined by these observations, with the most intolOTant first, g^ves 
the following scale : 

Western yellow pine, 

Douglas fir. 

White fir and Engelmann spruce. 
On . the Wallowa National Forest, in northeastern Oregon, the 
light readings were not taken in so systematic a manner as at the 
Coconino Experiment Station, but in most cases three or more light 
readings were taken in each situation. The values given for each 
species are the average of all the readings taken at a number of 
situations : 

Table Q.— Light intenHties, WaUotca National Forest. 
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The species are arranged according to their tolerance as deter- 
mined by experience, with the most tolerant first. It will be seen 
that the recorded light values roughly bear out this arrangement. 

OEBBOtS OF I'HE UErtKOD. 

The inaccuracies of the photochemical method of measuring light 
intensity are not great. Ordinarily the error does not amount to more 
than 10 per cent, and by repeated measurements it can be reduced to 
6, and even to 2.5 per cent. 

A more serious objection to the method is that it measures only the 
chemical rays of the solar spectrum — ^that is, the rays of high refrangi- 
bility in the blue and violet end of the spectrum. It is assumed, how- 
ever, that the intensity of the red and yellow rays is proportional to 
the intensity of the chemical rays, and that measurement of the 
chemical rays therefore gives at the same time an approximate meas- 
ure of all other rays of the solar spectrum which affect plant growth. 
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This would be true if the clearness of the atmosphere remained 
always the same. As a matter of fact, when the atmosphere is not 
clear the different rays are not equally absorbed by it, and the result 
is that the measurement of the chemical rays alone does not g^ve a 
correct value for the intensity of all other rays. 

Furthermore, the light which is measured in the forest under the 
shade of the crowns is a " mixed " light, which consists of diffused and 
direct light passing unchanged through the openings between the 
crowns; of light which is reflected from the leaves, branches, and 
trunks; and, finally, of light which has passed through the foliage. 
By the photochemical method it is possible to measure accurately 
only light which penetrates into the forest through the openings be- 
tween the crowns and foliage, and which is of the same composition 
as the sunlight in the open, except that all the rays composing it are 
equally weakened. If the li^t in the forest consisted only of this 
kind of light, then it would be possible to compare its intensity with 
that in the open. Since, however, the light in the forest is a " mixed " 
light, which partly consists also of reflected light and light trans- 
mitted through the green foliage, such comparison is apt to lead to 

Helmholtz has pointed out that landscapes rich in green vegetation 
appear as a rule too dark in photographs. He ascribes this to the 
fact that the rays which act upon the photographic paper are not 
reflected by the green leaves of living vegetation. Koscoe has ex- 
pressed the same idea, and has demonstrated further that " chemi- 
cal " rays do not pass through green leaves. It is easy to become 
convinced of the truth of this statement by a very simple experiment. 
If fresh green leaves are placed on sensitive photographic paper and 
exposed for several minutes to light, the parts covered by the green 
leaves, even very thin leaves, such as those of basswood, remain en- 
tirely or nearly white, while the paper all around them assumes a 
dark color. 

These facts prove that green leaves not only do not reflect the 
chemical rays, but do not even transmit them. Investigations of 
Krause, Engelmann, Reincke, and Timiriazev have shown that fresh 
green leaves, as well as the alcoholic solution of such leaves, absorb 
the rays of different wave lengths unequally. Sachs demonstrated 
by direct experiments that rays of different wave lengths penetrate 
plant tissues differently. He found that the ultraviolet rays of the 
solar spectrum were absorbed more fully than other rays, and were 
retained by the most superficial layers of the tissues. The vitdet, 
blue, and yellow penetrated somewhat deeper into the tissues, while 
the red and partly the green rays penetrated most. In other words, 
the rays which are most active in producing the blackening of the 
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photographic paper — that is, the ultraviolet, violet, and blue rays- 
are absorbed by the leaves first of all. 

It is evideDt, therefore, that the light intensities in the forest meae- 
ured by the photochemical method are necessarily too low. FurUier- 
more, the composition and intensity of light in the forest are influ- 
enced by the character of the bark of the tree and of the under sur- 
faces of the leaves. 

SPECTROSCOPIC HBASUBEMENT OF LIQUT INTENSITY. 

All these facts tend to show that the photochemical method of 
measuring light in the forest determines only that the denser the for- 
est canopy and the fewer the openings in it, the less will be the chem- 
ical intensity of light in the forest. The more light demanding is 
the species, the more open is its crown, the more wiU be the chemi- 
cal intensity of light under its shade. The photochemical method, 
however, apparently can not establish the absolute amount of light 
which the green leaf utilizes. There were, therefore, many criticisms 
of measuring light in the forest merely by this method. It was sug- 
gested that light measurement in the forest should be qualitative as 
well as quantitative; in other words, that it is necessary to know not 
only how much light in general, but how much of each kind of light 
a plant receives. 

ZEXEBBAUEB'B INTEBTIGATIONS. 

The most recent attempt in measuring separately the intensity of 
the different rays of the solar spectrum was made by Dr. Zederbauer 
(1907; 325-330) of the Austrian forest experiment station at Maria- 
brunn. Since individual green leaves, as is now well established, 
exercise a selective power of absorption, he concludes that the tree 
crown, merely an aggregation of leaves, should show a similar if not 
identical absorption. It would seem, therefore, that the light in the 
forest must be of a different composition from that in the open. 

This conclusion is apparently verified by his observations with the 
spectroscope. He finds that the leaf canopy exerts a selective power 
of absorption similar to that of individual leaves, and that the degree 
and kind of absorption varies with the species. Thus the absorption 
in a beech stand is found to be different from that in an oak or a 
pine stand. Common to all species is the absorption between the 
Frauenbofer lines B and C in the red portion of the spectrum, also 
in the blue portion approximately at the line F, and in the violet 
beyond H. Some species absorb practically all of the rays between 
F and H (blue-violet), while others allow most of the indigo rays 
to pass through unabsorbed. He finds that the species generally 
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recognized as most light-demanding, namely, the pine and larch, 
absorb, in addition to the deep band in the red, only small portions of 
the blue and violet, while the shade-enduring spruce and beech absorb, 
besides the red, some orange and a large amount of blue, indigo, and 
violet. 

For measuring light intensities of the different rays of the solar 
spectrum he used a modified form of the Winger " light measurer," 
manufactured by A, Kriiss, Hamburg. The principle of the instru- 
ment is to measure the monochromatic light transmitted through a 
colored glass by comparing it with the standard light of a benzine 
lamp passed through a glass of the same color. Two defects in the 
apparatus are pointed out. First, its capacity is not sufficient for 
all measurements ; second, the glasses of the slide, with the exception 
of the red, are not of perfectly homogeneous color, with the result 
that the light which is transmitted through them is not absolutely 
monochromatic. The first of these difficulties is easily overcome by 
increasing the capacity of the instrument; the second, however, pre- 
sents a more serious obstacle, since perfectly monochromatic glasses, 
with the exception of red, are at present unobtainable. He presents 
the results of a number of measurements taken in stands of different 
composition. These results, with the exception of th<Be for red 
light, are admitted to be inaccurate because of the defects in the 
apparatus; however, they are regarded by Zederbauer as sufficiently 
conclusive to demonstrate the correctness of the method. Measure- 
ments for the red rays only made by him at Purkersdorf, near 
Vienna, July 21, 1906, 9 a. m,, sky clear, gave the following results: 



redliEht 
tniiamltt«d. 



« (young) {Norway spnioe}... 

^ _„ J . . itlea (young) (beech) 

Luiz eunpeBa (young) (larch) 



Fagus sylvatlca (you: 



Experiments at Mariabrunn, near Vienna, August 8, 1906, 6 p. ] 
sky rather cloudy, gave the following : 



Amount of red U^ 



s eicelsa (rcung) (Norvay simee) . 
usaylvtatrla' w(!_...i. _.— i 



._ (Scotch pine) 

ipfflB (young) (larch) 

>biir pedimculata (young) (pedunculate oak)... 



About 11 unlts- 



The results show a different absorption for each species, it being 
almost 10 times as great for the tolerant as for the intolerant species. 
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Measurements for all the colors of the spectrum at Krems, April 22, 
1907, 10 a. m,, sky partly cloudy, gave the following results : 
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Afeasurements at Mariabrunn, June 14, 1907, 3-4 p. m., sky cloudy, 
gave the following results : 









Bed. 


Orange. 


Yellow. 


Green. 


Bloe. 


Indigo. 


violet. 




a 

24 


7 
HI 


13 


600+ 


100+ 
MO 


900 

500+ 
500+ 

m 








Larix tmio^a^ (Eunipeui larch) 


!Si 











These measurements show a different absorption for each species, 
not only in the red but also in the other colors of the spectrum. 

According to Zederbauer, the results of his inveetigations, includ- 
ing measurements not given here, show that the intolerant species, 
pine, larch, and birch, absorb very little in the indigo, and less than 
the tolerant species in the red, blue, and violet. It will thus be seen 
that a tolerant species such as spruce growing beneath an intolerant 
species such as pine is capable of utilizing a great deal of the light 
which is let through by the latter. The light beneath the overshaded 
spruce will be found to have undergone a second sifting, as it were, 
thus producing a spectrum deficient in red, blue, and violet. 

wiebhex'b intestioatioms. 

Zederbauer's criticism of the photochemical method of measuring 
light in the forest probably holds good for dense forests, such as 
those of spruce or hemlock in this country, in which the light is 
mostly transmitted or reflected light and therefore of a different 
composition from light in the open. In open forests, such as the 
longleaf pine and western yellow pine forests of the South and South- 
west, in which most of the light is of the same composition as that 
in the open except that it is of lower intensity, the photochemical 
method undoubtedly gives correct values. Wiesner, while not denying 
the possible change in the composition of the light after it passes 
through the crowns of the trees, maintains that the light even in 
dense forests is practically of the same c<Hnpo3itiou as that in the 
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open, and therefore the measurement of light by means of photo- 
graphic paper gives the measure of the entire spectrum as well as 
of the chemical rays. The reason for this h© finds in the fact that 
under ordinary conditions the light in the forest instead of heing 
tr&nsmitt«d directly through the leaves enters almost wholly hy re- 
flection through openings in the crowns. Thus, according to his cal- 
culations, the open, illumined space within the crown of a Norway 
maple (Acer platanoides) is 670 times and that of cottonwood {Pop- 
ulus deltoides) 1,000 times larger than the space occupied by the 
solid substances of the two respective crowns. Hence the amount of 
light which is transmitted through the green leaves is comparatively 
small as compared with the amount of unchanged li^t which passes 
through the openings in the crowns. Spectroscopic observations by 
Wiesner showed no difference in the composition of the light in^de 
and outside the forest, even at light intensities in the forest as low 
as one-eightieth of that in the open, where the absolute light intensity 
ranged from 0.5 to 1.0. 

Zederbaiier's experiments in themselves are not sufficiently accu- 
rate to be entirely conclusive. They were apparently made at dif- 
ferent times and therefore probably at various conditions of the 
atmosphere, and, with one exception, on cloudy or partly cloudy 
days. Furthermore, only the visible rays of the solar spectrum are 
measured by means of Zederbauer's instrument. Consequently his 
method fails to measure all the rays of the solar spectrum which 
affect plant life, since this is influenced by the invisible as well as the 
visible rays. As a matter of fact, by the photochemical method a 
much larger portion of the solar spectrum is measured than by 
Zederbauer's method. 

BEIATIVE VAItTB OF SIETEBEITT JMXTHODS. 

Since no practical instrument has so far been devised by which 
the intensity of the different rays of the solar spectrum can be meas- 
ured, the measurement of the chemical light intensity remains for 
the present the nearest approach to the ideal. The photochemical 
method doubtless can be used to great advantage in open forests and 
forests of moderate density. To what extent the light in dense 
forests may be different in composition from that in the open is still 
debatable. If its composition differs as the critics of the photo- 
chemical method claim, then the measurement of chemical intensity 
alone gives too low values for the forest. If it does not, as Wiesner's 
investigations apparently show, then the measurement of the chem- 
ical light intensity is correct, even in forests of great density. While 
the physical methods of measuring light in the forest are more direct 
and express the light requirements of forest trees in a mathematical 

Digiiized by Google 



BEIATIVE VALUE OF DIFPBEENT METHODS. 53 

form, yet they are not the absolute quantities of light used by dif- 
ferent species. 

An apparent drawback to all the instruments used for measuring 
light directly is ttiat they record only the light intensity at the given 
moment The effect of light upon plants depends not only on its 
intensity but also on its duration during the day and during the 
entire vegetative period. The ideal method, therefore, of measunng 
light directly would be by a self-registering photometer, which 
would record the light intensities in the forest during the entire 
day and for the entire vegetative period. Such self-recording 
photometers, which would give the minima and maxima as well as 
the aom of the light enjoyed by trees, would make it possible to 
determine accurately the light requirements of our forest trees. They 
are, however, not yet in existence, and the best that can be done at 
present is to select typical dear days, determine the time of occur- 
rence of the minimum and maximum illumination of the interior of 
the crown, and in this way obtain the relative minima and maxima 
of light endured by different species. In interpreting the results of 
the light readings, account must be taken also of other factors of tree 
growth, such as moisture content of the soil, age and vigor of the 
specimen, quality of the soil, and relative humidity. 

With Uiese precautions and some experience, it is possible by 
means of the photochemical method to obtain results of great prac- 
tical value, and to determine, if not the absolute quantities of light 
required by diff«"ent species, at least their relative light demands. 
The method still seems to be the one quick and practical method for 
measuring the light requirements of forest trees and expressing them 
in an accurate and mathematical form, and it has been already 
effectively used in a number of studies here and abroad. Though 
it is not free from drawbacks, these are bound to be eliminated more 
and more as the method itself receives greater recognition on the part 
of foresters and is tested by repeated observations. 

The relative importance of light in the life of the tree has long 
been recognized, but too little understood. Only recently have 
methods been devised for measuring light intensities, and all are 
admittedly imperfect. It is not the aim of this bulletin to recom- 
mend any particular method or instrument for measuring light, but 
to stimulate interest in this important problem and to indicate the 
different lines along which future practice may be developed. 
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